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(57) ABSTRACT

There is provided colloidal silica particles comprising at least
one polyvalent metal element M selected from a group con-
sisting of iron, aluminum, zinc, zirconium, titanium, tin, and
lead in an average content of 0.001 to 0.02 in terms of an M/Si
molar ratio, and having an average primary particle diameter
of 5 to 40 nm, wherein the content of the polyvalent metal
element M present in an outermost layer of the colloidal
particles is O to 0.003 atom per square nanometer (nm?) of a
surface area of the colloidal particles; and a silica sol that the
colloidal silica particles are dispersed in an organic solvent, a
silica sol that the colloidal silica particles are dispersed in a
polymerizable compound, and a silica sol that the colloidal
silica particles are dispersed in a dicarboxylic anhydride.

2 Claims, No Drawings



US 9,284,197 B2

1

COLLOIDAL SILICA PARTICLES, PROCESS
FOR PRODUCING THE SAME, AND
ORGANIC SOLVENT-DISPERSED SILICA
SOL, POLYMERIZABLE
COMPOUND-DISPERSED SILICA SOL, AND
DICARBOXYLIC ANHYDRIDE-DISPERSED
SILICA SOL EACH OBTAINED FROM THE
SAME

TECHNICAL FIELD

The present invention relates to colloidal silica particles, a
process for producing the colloidal silica particles, and an
organic solvent-dispersed silica sol, a polymerizable com-
pound-dispersed silica sol, and a dicarboxylic anhydride-
dispersed silica sol each obtained from the colloidal silica
particles.

BACKGROUND ART

A silica sol in which colloidal silica particles having a
particle diameter of about several to 100 nm are dispersed in
a liquid has high transparency. Furthermore, due to their high
hardness, the colloidal silica particles are mixed into resins
and the like to be used as a reforming agent for, for example,
providing hardness or heat resistance to the resin. When the
colloidal silica particles are mixed with a resin or the like, an
aqueous silica sol may be used. However, a sol in which
colloidal silica particles are dispersed in an organic com-
pound, such as an organic solvent-dispersed silica sol and a
polymerizable compound-dispersed silica sol that is to be the
resin raw material, is often used in consideration of its com-
patibility or its reactivity with the resin or the like.

As an example of the organic solvent-dispersed silica sol,
Patent Document 1 discloses a process for producing an
organic solvent-dispersed silica sol in which an aqueous silica
sol and an organic solvent are mixed and then the mixture is
dehydrated with an ultrafiltration membrane. Furthermore,
Patent Document 2 discloses a process for producing a silica
sol in methanol in which metal ions contained in an aqueous
silica sol are removed by ion exchange, next, an organic base
is added, subsequently, methanol is mixed, and then the mix-
ture is concentrated and dehydrated by an ultrafiltration
method. Patent Document 3 discloses an organic solvent-
dispersed silica sol in which an alkaline earth metal ion is
bonded on the surface of colloidal silica particles. Further-
more, as the polymerizable compound-dispersed silica sol,
Patent Document 4 discloses an oxide sol that includes 80 mol
% or more of a reactive monomer having a polymerizable
unsaturated bond in the molecule on the basis of the disper-
sion medium.

When the organic solvent-dispersed silica sol is prepared
from an aqueous silica sol as the raw material, alkali metal
ions such as Na ions contained in the aqueous silica sol are
previously removed by cation exchange to make an acidic
aqueous silica sol. The alkaline aqueous silica sol containing
the alkali metal ions has poor compatibility with many
organic solvents such as alcohols and ethers and thus the
mixing with such organic solvents causes the aggregation or
the gelation of the colloidal silica particles.

It is known that the acidic aqueous silica sol obtained
according to the above process has the characteristics that the
alkali metal ions present in the colloidal silica particles are
eluted with time to increase the pH, and thus the viscosity of
the silica sol increases and finally the gelation occurs. There-
fore, disclosed is a process for stabilizing an acidic aqueous
silica sol in which an alkaline aqueous silica sol is cation-
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exchanged, then the obtained sol is aged without treatment or

in the presence of a small amount of an acid to diffuse the

alkali metal ions in the colloidal silica particles into the col-

loid dispersion medium, and then the alkali metal ions are

further removed by cation-exchange (Patent Document 5).

Furthermore, disclosed is a process for producing a stable

acidic aqueous silica sol in which an aluminum compound is

present in the particle growth step of the colloidal silica

particles to contain the aluminum compound in the colloidal

silica particles, and thus the aluminum compound can trap the

alkali metal ions present in the colloidal silica particles

(Patent Document 6).

Patent Document 1: Japanese Patent Application Publication
No. JP-A-59-8614

Patent Document 2: Japanese Patent Application Publication
No. JP-A-2-167813

Patent Document 3: Japanese Patent Application Publication
No. JP-A-2007-63117

Patent Document 4: Japanese Patent Application Publication
No. JP-A-62-95130

Patent Document 5: U.S. Pat. No. 3,342,747 specification

Patent Document 6: Japanese Patent Application Publication
No. JP-A-63-123807

DISCLOSURE OF THE INVENTION
Problem to be Solved by the Invention

When the organic solvent-dispersed silica sol is obtained
by a solvent replacement method, it is desirable that the
concentration of silica in the acidic aqueous silica sol to be the
raw material is as high as possible for improving the substi-
tution efficiency of the organic solvent. The acidic aqueous
silica sol has insufficient stability comparing with the alkaline
silica sol. The acidic aqueous silica sol having an average
primary particle diameter of about 5 to 40 nm produced by the
process disclosed in Patent Document 5 has poor electrostatic
repulsion between the colloidal silica particles. Thus, when
the silica concentration increases, the viscosity increase and
the gelation may occur, which is inefficient.

Furthermore, in the acidic aqueous silica sol produced by
the process disclosed in Patent Document 6, the electrostatic
repulsion between the colloidal silica particles increases to
readily increase the silica concentration because of the pres-
ence of an aluminum compound contained in the colloidal
silica particles, but the surface has more solid acid sites com-
paring with common colloidal silica particles. The catalytic
action by a solid acid increases because of the presence of the
solid acid sites, and thus, when the organic solvent-dispersed
silica sol is prepared, an organic solvent such as ketones,
esters, and amides may be decomposed or discolored. Fur-
thermore, when a polymerizable compound-dispersed silica
sol is produced using the organic solvent-dispersed silica sol
as the raw material, the polymerizable compound is readily
decomposed. Moreover, a resin composition that is obtained
by the polymerization of the polymerizable compound-dis-
persed silica sol has disadvantages in which troubles such as
decomposition or discoloration and crack formation of the
resin readily occur.

The present invention provides colloidal silica particles
that do not cause decomposition, discoloration, and the like of
an organic compound, which is caused when the prior colloi-
dal silica particles as mentioned above are dispersed in the
organic compound, do not cause decomposition, discolora-
tion, and the like of a resin even when the particles are mixed
into the resin, and have good dispersion stability to a disper-
sion medium, a process for producing the colloidal silica
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particles, and an organic solvent-dispersed silica sol, a poly-
merizable compound-dispersed silica sol, and a dicarboxylic
anhydride-dispersed silica sol each obtained from the colloi-
dal silica particles.

Means for Solving the Problem

The present invention provides: as a first aspect, colloidal
silica particles including at least one polyvalent metal ele-
ment M selected from a group consisting of iron, aluminum,
zine, Zirconium, titanium, tin, and lead in an average content
010.001 to 0.02 in terms of an M/Si molar ratio, and having an
average primary particle diameter of 5 to 40 nm, in which the
content of the polyvalent metal element M present in an
outermost layer of the colloidal particles is 0 to 0.003 atom
per square nanometer (nm?) of the surface area of the colloi-
dal particles;

as a second aspect, an organic solvent-dispersed silica sol
including the colloidal silica particles as described in the first
aspect, in which the colloidal silica particles are dispersed in
the organic solvent;

as a third aspect, the organic solvent-dispersed silica sol
according to the second aspect, in which the organic solvent
is at least one solvent selected from a group consisting of
alcohols, ethers, ketones, esters, amides, hydrocarbons, and
nitriles;

as a fourth aspect, a polymerizable compound-dispersed
silica sol including the colloidal silica particles as described
in the first aspect, in which the colloidal silica particles are
dispersed in at least one compound selected from a group
consisting of a polymerizable compound having an ethyleni-
cally unsaturated bond, a polymerizable compound having an
epoxy ring, a polymerizable compound having an oxetane
ring, and a polymerizable compound having a vinyl ether
structure;

as a fifth aspect, the polymerizable compound-dispersed
silica sol according to the fourth aspect, in which the poly-
merizable compound having an epoxy ring is an ester modi-
fied epoxy compound containing a compound (i) having a
functional group of Formula (1):

Formula (1)

—CH,—CH CH,

O0—C—R; 0—C—R,

| |
(6] (6]

(where each of R| and R, is independently an alkyl group, an
alkenyl group, an alkynyl group, an aryl group, an aralkyl
group, or a heterocyclic group, or a halogenated, aminated, or
nitrated derivative thereof) in the molecule and a compound
(i1) having a glycidyl group in the molecule;

as a sixth aspect, the polymerizable compound-dispersed
silica sol according to the fifth aspect, in which the compound
(1) is acompound in which, among n pieces of glycidyl groups
(where n is an integer of 2 to 16) in the molecule, one or more
and n pieces or less of the glycidyl group(s) are replaced with
the functional group of Formula (1);

as a seventh aspect, the polymerizable compound-dis-
persed silica sol according to the fifth aspect, in which the
compound (ii) is a compound having n pieces of glycidyl
groups (where n is an integer of 2 to 16) in the molecule;

as an eighth aspect, the polymerizable compound-dis-
persed silica sol according to the fifth aspect, in which a molar
ratio of the compound (i):the compound (ii) is 1:0.3 to 1.5;
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as a ninth aspect, the polymerizable compound-dispersed
silica sol according to any one of the fifth aspect, the sixth
aspect, and the eighth aspect, in which the compound (i) is a
compound in which the glycidyl group in tris-(2,3-epoxypro-
pyD)-isocyanate is replaced with the functional group of For-
mula (1);

as a tenth aspect, the polymerizable compound-dispersed
silica sol according to any one of the fifth aspect, the seventh
aspect, and the eighth aspect, in which the compound (ii) is
tris-(2,3-epoxypropyl)-isocyanate;

as an eleventh aspect, a dicarboxylic anhydride-dispersed
silica sol including the colloidal silica particles as described
in the first aspect, in which the colloidal silica particles are
dispersed in a dicarboxylic anhydride in a liquid form at 30°
C.;

as a twelfth aspect, the dicarboxylic anhydride-dispersed
silica sol according to the eleventh aspect, in which the dicar-
boxylic anhydride contains at least one compound selected
from a group consisting of methylhexahydrophthalic anhy-
dride, hydrogenated methylnadic anhydride, and hydroge-
nated trimellitic anhydride; and

as a thirteenth aspect, a process for producing the colloidal
silica particles according to the first aspect, the process
including (I) and (II):
(): adding an acid to a silica sol containing colloidal silica
particles so that the silica sol has a pH of 0 to 2.0, the colloidal
silica particles including at least one polyvalent metal ele-
ment M selected from a group consisting of iron, aluminum,
zine, Zirconium, titanium, tin, and lead in an average content
010.001 t0 0.02 in terms of an M/Si molar ratio, and having an
average primary particle diameter of 5to 40 nm; and aging the
sol at 0 to 40° C. for 0.5 to 100 hours; and
(II): contacting the acidic silica sol obtained in (I) with a
strongly acidic cation-exchange resin in the hydrogen form at
apH of 010 2.0, and further contacting the sol with a strongly
basic anion-exchange resin in the hydroxy form.

Effects of the Invention

The colloidal silica particles of the present invention are
colloidal silica particles including at least one polyvalent
metal element M selected from a group consisting of iron,
aluminum, zinc, zirconium, titanium, tin, and lead in an aver-
age content 0of 0.001 to 0.02 in terms of an M/Si molar ratio,
and having an average primary particle diameter of 5 to 40
nm, in which the content of the polyvalent metal element M
present in an outermost layer of the colloidal particles is O to
0.003 atom per square nanometer of the surface area of the
colloidal particles. On this account, the colloidal silica par-
ticles of the present invention are colloidal silica particles
having small action of a solid acid on the surface of the
colloidal silica particles and having large electrostatic repul-
sion. Silica sols in which the colloidal silica particles are
stably dispersed in an organic compound such as various
organic solvents, polymerizable compounds, and dicarboxy-
lic anhydrides can be obtained. Furthermore, the colloidal
silica particles rarely cause decomposition, degradation, dis-
coloration, and the like of such organic compounds even
when the particles come in contact with the organic com-
pounds.

In the organic solvent-dispersed silica sol of the present
invention, the colloidal silica particles of the present inven-
tion are dispersed in an organic solvent such as alcohols,
ethers, ketones, esters, amides, hydrocarbons, and nitriles.
The silica sol rarely causes decomposition, degradation, dis-
coloration, and the like of the organic solvent and is stable.
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In the polymerizable compound-dispersed silica sol of the
present invention, the colloidal silica particles of the present
invention are dispersed in a polymerizable compound such as
a polymerizable compound having an ethylenically unsatur-
ated bond, a polymerizable compound having an epoxy ring,
a polymerizable compound having an oxetane ring, and a
polymerizable compound having a vinyl ether structure. The
silica sol rarely causes decomposition, degradation, discol-
oration, polymerization, and the like of the polymerizable
compound and is stable.

In the dicarboxylic anhydride-dispersed silica sol of the
present invention, the colloidal silica particles of the present
invention are dispersed in a dicarboxylic anhydride such as
methylhexahydrophthalic anhydride, hydrogenated methyl-
nadic anhydride, and hydrogenated trimellitic anhydride. The
silica sol rarely causes decomposition, degradation, discol-
oration, and the like of the dicarboxylic anhydride and is
stable.

When the colloidal silica particles of the present invention
or the organic solvent-dispersed silica sol, the polymerizable
compound-dispersed silica sol, or the dicarboxylic acid-dis-
persed silica sol each obtained from the colloidal silica par-
ticles is used as the reforming agent for resins or the like, the
reforming agent does not cause decomposition, discolora-
tion, and the like of the resin and is useful for reforming the
resin, for example, providing hardness and providing heat
resistance.

In particular, when the colloidal silica particles of the
present invention are used, a polymerizable compound-dis-
persed silica sol having an epoxy ring and a dicarboxylic
anhydride-dispersed silica sol can be obtained with high
silica concentration. When an epoxy curing composition is
prepared using such a sol to make a cured product, silica can
be introduced in the cured product with high concentration.
Consequently, the epoxy cured product can have significantly
improved heat resistance and strength. Moreover, because the
colloidal silica particles of the present invention have
extremely low action of a solid acid, discoloration of the
cured product rarely occurs.

BEST MODES FOR CARRYING OUT THE
INVENTION

The colloidal silica particles of the present invention are
colloidal silica particles that include at least one polyvalent
metal element M selected from a group consisting of iron,
aluminum, zin¢, zirconium, titanium, tin, and lead in an aver-
age content of 0.001 to 0.02 in terms of M/Si molar ratio and
that have an average primary particle diameter of 5 to 40 nm.
In the colloidal silica particles, the content of the polyvalent
metal element M present in an outermost layer of the colloidal
particles is 0 to 0.003 atom per square nanometer of the
surface area of the colloidal particles. The colloidal silica
particles of the present invention are well dispersed in various
organic solvents, polymerizable compounds, dicarboxylic
anhydrides, and the like. The colloidal silica particles of the
present invention are dense colloidal particles and do not
substantially include pores.

The average primary particle diameter of the colloidal
silica particles of the present invention is calculated accord-
ing to the equation D-2720/S from the specific surface area S
(m?/g) that is determined by the nitrogen adsorption method,
where the particle diameter is D (nm). The colloidal silica
particles of the present invention have an average primary
particle diameter of 5 to 40 nm. When the average primary
particle diameter is less than 5 nm, a silica sol in which the
colloidal silica particles are dispersed may have insufficient
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stability, and when the average primary particle diameter is
more than 40 nm, a resin film or a cured product using the
colloidal silica particles may not have sufficiently high trans-
parency.

The colloidal silica particles of the present invention
include atleast one polyvalent metal element M selected from
a group consisting of iron, aluminum, zinc, zirconium, tita-
nium, tin, and lead in an average content of 0.001 to 0.02 in
terms of M/Si molar ratio, and thus have a negative charge
larger than that of colloidal silica particles that include the
polyvalent metal element M in an average content of less than
0.001 in terms of M/Si molar ratio. Examples of the polyva-
lent metal element M include iron, aluminum, zinc, zirco-
nium, titanium, tin, and lead. Examples of the method for
measuring the charge of colloidal silica particles include the
zeta potential measurement. Because the colloidal silica par-
ticles of the present invention have a large negative charge, for
example, a zeta potential of —15 mV or less at a pH of 3.5,
their dispersibility in a sol is good. On this account, even with
a high silica concentration such as 30% by mass or more, a
stable organic solvent-dispersed silica sol and a stable poly-
merizable compound-dispersed silica sol can be obtained.
Colloidal silica particles having an M/Si molar ratio of less
than 0.001 have a zeta potential of about -5 to 0 mV at a pH
of3.5.

Furthermore, the colloidal silica particles of the present
invention have low solid acidity on the surface and very small
characteristics as the solid acid because the content of the
polyvalent metal element M present in the outermost layer of
the particles is O to 0.003 atom per square nanometer of the
surface area of the colloidal silica particles. Accordingly,
when the colloidal silica particles of the present invention are
dispersed in an organic compound such as various organic
solvents, polymerizable compounds, and dicarboxylic anhy-
drides, decomposition, degradation, discoloration, polymer-
ization, and the like of the organic compound are not caused.
Furthermore, in particular, when the colloidal silica particles
of'the present invention are introduced in an epoxy resin cured
product, coloration of the cured product is rarely caused but
the cured product can have improved heat resistance and
strength.

When the colloidal silica particles include the polyvalent
metal element M in an average content of less than 0.001 in
terms of M/Si molar ratio, the colloidal silica particles have
small charge to reduce the electrostatic repulsion between the
silica particles, and thus an organic solvent-dispersed silica
sol and a polymerizable compound-dispersed silica sol each
having high silica concentration sometimes cannot be
obtained. Furthermore, when the colloidal silica particles
include the polyvalent metal element M in an average content
of more than 0.02 in terms of M/Si molar ratio, even when the
content of the polyvalent metal element M present in the
outermost layer of the particles is 0 to 0.003 atom per square
nanometer of the surface area of the colloidal silica particles,
the colloidal silica particles have too strong charge, and thus
the discoloration or the polymerization of the organic solvent
or the polymerizable compound may be caused, and further-
more, coloration may be caused in a resin cured product such
as an epoxy resin.

In the colloidal silica particles of the present invention, the
average content of the polyvalent metal element M is calcu-
lated as the M/Si molar ratio from the number of moles of the
polyvalent metal element M contained in the whole colloidal
silica particle, that is, from the center to the outermost layer of
the colloidal silica particle, and from the number of moles of
Si atom in the whole colloidal silica particle.
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The polyvalent metal element M present in the outermost
layer of the colloidal silica particles of the present invention is
a polyvalent metal element M present in the layer composed
of —O—Si—0-M-O— that is formed by the replacement of
apart of Siin an —O—Si—O—Si—O— layer present in the
outermost face of the colloidal particles with the polyvalent
metal element M, and is a positive ion of the polyvalent metal
element M adsorbed on the outermost face of the particles.

The content of the polyvalent metal element M in the
outermost layer of the colloidal silica particles of the present
invention can be analyzed by the following method of metal
ion extraction by acid. Because the colloidal silica particles
have a specific gravity of 2.2 and silica has a molecular weight
of 60, the number of Si atoms present in the outermost layer
of'the colloidal silica particles is calculated as 7.9 per square
nanometer of the surface area of the colloidal silica particles
(see THE COLLOID CHEMISTRY OF SILICA AND SILI-
CATES, Chapter 6, Surface Chemistry, p. 242 to p. 247,
written by RALPH K. ILER).

When the average content of the polyvalent metal element
M in the colloidal silica particles is an M/Si molar ratio and
the polyvalent metal element M is present from the center to
the outermost layer of the colloidal silica particles, the num-
ber of the polyvalent metal elements M present in the outer-
most layer of the colloidal silica particles is calculated as
7.9xM/Si per square nanometer. The inventors reveal that an
aqueous sol containing the colloidal silica particles is
adjusted to have a pH of 1.9 with nitric acid and kept at 20 to
25° C. for 4.5 hours, and thus only the polyvalent metal
element M in the outermost layer of the colloidal silica par-
ticles is cationized. Thus, the polyvalent metal element M
present in the outermost layer of the colloidal silica particles
is quantitatively determined using the method. Namely, a
silica sol adjusted to have a pH of 1.9 with nitric acid is kept
under the condition at 20 to 25° C. for 4.5 hours, then cen-
trifugal filtration is carried out, and the content of the poly-
valent metal element in the filtrate is measured. The content is
divided by the surface area of the colloidal silica particles to
determine the content of the polyvalent metal elements M
present in the outermost layer per square nanometer of the
surface area of the colloidal silica particles. The aqueous
silica sol adjusted to have a pH of 1.9 preferably has a silica
concentration of 0.1 to 5% by mass. The centrifugal filtration
is not specifically limited as far as the filtrate is sufficiently
obtained and can be carried out using an ultrafiltration mem-
brane with a molecular weight cut of 5000 to 50000 and at
about 1000 to 10000 rpm. The polyvalent metal ion in the
filtrate is measured by a common method for analyzing trace
metals (for example, inductively-coupled plasma emission
spectrometry). The measured value is divided by the surface
area of the colloidal silica particles obtained by the nitrogen
adsorption method to calculate the content of the polyvalent
metal element M present in the outermost layer per square
nanometer of the surface area of the colloidal silica particles.

The colloidal silica particles of the present invention may
have any shape such as a spherical shape and an almost
spherical shape as far as the object of the present invention is
achieved.

The organic solvent-dispersed silica sol of the present
invention is a dispersion of the colloidal silica particles of the
present invention in an organic solvent such as alcohols,
ethers, ketones, esters, amides, hydrocarbons, and nitriles.
Specific examples of the organic solvent used in the organic
solvent-dispersed silica sol of the present invention are shown
below.

Examples of the alcohols include methanol, ethanol, 1-pro-
panol, 2-propanol, 1-butanol, isobutyl alcohol, 2-butanol,
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8
ethylene glycol, glycerin, propylene glycol, triethylene gly-
col, polyethylene glycol, benzyl alcohol, 1,5-pentanediol,
and diacetone alcohol.

Examples of the ethers include diethyl ether, dibutyl ether,
tetrahydrofuran, dioxane, ethylene glycol monomethyl ether,
ethylene glycol monopropyl ether, propylene glycol monom-
ethyl ether, propylene glycol monoethyl ether, diethylene
glycol monomethyl ether, diethylene glycol monoethyl ether,
and diethylene glycol monobutyl ether.

Examples of the ketones include acetone, methyl ethyl
ketone, 2-pentanone, 3-pentanone, methyl isobutyl ketone,
2-heptanone, and cyclohexanone.

Examples of the esters include ethyl formate, methyl
acetate, ethyl acetate, propyl acetate, butyl acetate, ethylene
glycol monoethyl ether acetate, ethylene glycol monobutyl
ether acetate, and propylene glycol monomethyl ether
acetate.

Examples of the amides include acetamide, N,N-dimeth-
ylformamide, N,N-dimethylacetamide, and N-methylpyr-
rolidone.

Examples of the hydrocarbons include n-hexane, cyclo-
hexane, benzene, toluene, xylene, solvent naphtha, and sty-
rene, and examples of the halogenated hydrocarbons include
dichloromethane and trichloroethylene.

Examples of the nitriles include acetonitrile, glutaronitrile,
methoxyacetonitrile, propionitrile, and benzonitrile.

Examples of other organic solvents include dimethylsul-
foxide.

The organic solvent-dispersed silica sol of the present
invention has a silica concentration of 5 to 70% by mass, and
preferably 15 to 60% by mass.

In the organic solvent-dispersed silica sol of the present
invention, the dispersed colloidal silica particles may have a
surface with hydrophobic treatment. Examples of the hydro-
phobic treatment agent include silazane, siloxane, alkoxysi-
lane, a partial hydrolysate thereof, and a dimeric to pentam-
eric oligomer polymerized therefrom.

Examples of the silazane include hexamethyldisilazane
and hexaethyldisilazane.

Examples of the siloxane include hexamethyldisiloxane,
1,3-dibutyltetramethyldisiloxane, 1,3-diphenyltetramethyld-
isiloxane, 1,3-divinyltetramethyldisiloxane, hexaethyldisi-
loxane, and 3-glycidoxypropylpentamethyldisiloxane.

Examples of the alkoxysilane include trimethylmethoxysi-
lane, trimethylethoxysilane, trimethylpropoxysilane, phe-
nyldimethylmethoxysilane, chloropropyldimethylmethox-
ysilane, dimethyldimethoxysilane, methyltrimethoxysilane,
tetramethoxysilane, tetracthoxysilane, tetrapropoxysilane,
tetrabutoxysilane, ethyltrimethoxysilane, dimethyldiethox-
ysilane, propyltriethoxysilane, n-butyltrimethoxysilane,
n-hexyltrimethoxysilane, n-octyltriethoxysilane, n-octylm-
ethyldiethoxysilane, n-octadecyltrimethoxysilane, phenyltri-
methoxysilane, phenylmethyldimethoxysilane, phenethyltri-
methoxysilane, dodecyltrimethoxysilane,
n-octadecyltriethoxysilane, phenyltrimethoxysilane, diphe-
nyldimethoxysilane, vinyltrimethoxysilane, vinyltriethox-
ysilane, vinyltris(f-methoxyethoxy)silane, y-methacrylox-
ypropyltrimethoxysilane,
y-acryloxypropyltrimethoxysilane, y-(methacryloxypropyl)
methyldimethoxysilane,  y-methacryloxypropylmethyldi-
ethoxysilane, y-methacryloxypropyltriethoxysilane, $-(3,4-
epoxycyclohexyl)ethyltrimethoxysilane,
y-glycidoxypropyltrimethoxysilane,  y-glycidoxypropylm-
ethyldiethoxysilane, y-glycidoxypropyltriethoxysilane, N-f
(aminoethyl)y-(aminopropyl)methyldimethoxysilane, N-f
(aminoethyl)y-(aminopropyl)trimethoxysilane, N-p
(aminoethyl)y-(aminopropyD)triethoxysilane,
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y-aminopropyltrimethoxysilane, y-aminopropyltriethoxysi-
lane, N-phenyl-y-aminopropyltrimethoxysilane, y-mercapto-
propyltrimethoxysilane, 3-isocyanatepropyltriethoxysilane,
trifluoropropyltrimethoxysilane, heptadecatrifluoropropylt-
rimethoxysilane, n-decyltrimethoxysilane, dimethoxydi-
ethoxysilane, bis(triethoxysilyl)ethane, and hexaethoxydisi-
loxane.

The hydrophobic treatment of the surface of the colloidal
silica particles is especially effective on the organic solvent-
dispersed silica sol using a hydrophobic organic solvent such
as ethers, ketones, esters, and hydrocarbons.

The organic solvent-dispersed silica sol of the present
invention is a stable silica sol in which decomposition, deg-
radation, discoloration, and the like of the organic solvent are
not caused because the dispersed colloidal silica particles
have large negative charge and extremely weak characteris-
tics as the solid acid.

The polymerizable compound-dispersed silica sol of the
present invention is a dispersion of the colloidal silica par-
ticles of the present invention in a polymerizable compound
such as a polymerizable compound having an ethylenically
unsaturated bond, a polymerizable compound having an
epoxy ring, a polymerizable compound having an oxetane
ring, and a polymerizable compound having a vinyl ether
structure. Specific examples of the polymerizable compound
used in the polymerizable compound-dispersed silica sol of
the present invention are shown below.

Examples of the polymerizable compound having an eth-
ylenically unsaturated bond include an unsaturated carboxy-
lic acid compound such as acrylic acid, methacrylic acid,
itaconic acid, crotonic acid, maleic acid, and phthalic acid.
Further examples thereof include an unsaturated carboxylic
acid ester compound and an unsaturated carboxylic amide
compound such as a derivative from the unsaturated carboxy-
lic acid compound and an alcohol compound or an amine
compound. Examples thereof include an acrylic acid ester
compound, a methacrylic acid ester compound, an itaconic
acid ester compound, a crotonic acid ester compound, a
maleic acid ester compound, a phthalic acid ester compound,
an acrylic acid amide compound, a methacrylic acid amide
compound, an itaconic acid amide compound, a crotonic acid
amide compound, a maleic acid amide compound, and a
phthalic acid amide compound. The alcohol compound is not
specifically limited, and examples thereof include polyol
compounds having, for example, two to six hydroxy groups
such as ethylene glycol, triethylene glycol, tetraethylene gly-
col, tris(2-hydroxylethyl)isocyanuric acid, triethanolamine,
and pentaerythritol. The amine compound is not specifically
limited, and examples thereof include polyamine compounds
having, for example, two to six primary or secondary amino
groups such as ecthylenediamine, diaminocyclohexane,
diaminonaphthalene, 1,4-bis(aminomethyl)cyclohexane,
3,3'4 4'-tetraaminobiphenyl, and tris(2-aminoethyl)amine.

Specific examples of the polymerizable compound having
an ethylenically unsaturated bond include ethylene glycol
di(meth)acrylate, diethylene glycol di(meth)acrylate, trieth-
ylene glycol di(meth)acrylate, tetracthylene glycol di(meth)
acrylate, nonaethylene glycol di(meth)acrylate, polyethylene
glycol di(meth)acrylate, tripropylene glycol di(meth)acry-
late, tetrapropylene glycol di(meth)acrylate, nonapropylene
glycol di(meth)acrylate, polypropylene glycol di(meth)acry-
late,  2,2-bis[4-((meth)acryloxydiethoxy)phenyl|propane,
3-phenoxy-2-propanoyl acrylate, 1,6-bis(3-acryloxy-2-hy-
droxypropyl)-hexyl ether, trimethylolpropane tri(meth)acry-
late, glycerol tri(meth)acrylate, tris-(2-hydroxylethyl)-iso-
cyanuric acid ester(meth)acrylate, pentaerythritol tri(meth)
acrylate, pentaerythritol tetra(meth)acrylate,
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dipentaerythritol tri(meth)acrylate, dipentaerythritol penta
(meth)acrylate, dipentaerythritol hexa(meth)acrylate, tripen-
taerythritol octa(meth)acrylate, tripentaerythritol hepta
(meth)acrylate, 2-hydroxypropyl(meth)acrylate,
2-ethylhexyl(meth)acrylate, 2-norbornylmethyl methacry-
late, 2-hydroxy-3-phenoxypropyl(meth)acrylate, 2-hydroxy-
ethyl(meth)acrylate, 2,2-dimethylbutyl acrylate, 2-hydroxy-
butyl(meth)acrylate, n-propyl(meth)acrylate, n-butyl(meth)

acrylate,  i-butyl(meth)acrylate, t-butyl(meth)acrylate,
n-hexyl(meth)acrylate, n-pentyl(meth)acrylate, n-octyl
(meth)acrylate, 2-methoxyethyl(meth)acrylate, 2-meth-

oxymethoxyethyl acrylate, 3-pentyl(meth)acrylate, 3-me-
thyl-2-norbornylmethyl — methacrylate,  3-methoxybutyl
(meth)acrylate, 4-hydroxybutyl(meth)acrylate, 4-methyl-2-
propylpentyl acrylate, 5-norbornen-2-ylmethyl
methacrylate, i-propyl(meth)acrylate, n-octadecyl(meth)
acrylate, n-nonyl(meth)acrylate, sec-butyl(meth)acrylate,
t-pentyl(meth)acrylate, ethyl a-hydroxymethylacrylate,
butyl a-hydroxymethylacrylate, methyl a-hydroxymethy-
lacrylate, (meth)acrylic acid, n-stearyl acrylate, isooctyl
acrylate, isononyl acrylate, isobornyl(meth)acrylate, ethyl
(meth)acrylate, ethylcarbitol acrylate, ethoxyethyl(meth)
acrylate, ethoxyethoxyethyl(meth)acrylate, ethoxydiethyl-
ene glycol acrylate, cyclohexyl(meth)acrylate,
cyclohexylmethyl(meth)acrylate, cyclopentyl acrylate, dicy-
clopentenyloxyethyl acrylate, cetyl acrylate, tetrahydrofurfu-
ryl(meth)acrylate, phenoxyethyl(meth)acrylate, (meth)acry-
loyloxyethyl hydrogen phthalate, benzyl(meth)acrylate,
methyl(meth)acrylate, methoxyethyl(meth)acrylate, meth-
oxyethoxyethyl(meth)acrylate, methoxypolyethylene glycol
(meth)acrylate, lauryl(meth)acrylate, 1,3-butanediol
di(meth)acrylate, 1,4-butanediol di(meth)acrylate, 1,6-hex-
anediol di(meth)acrylate, 1,9-nonanediol di(meth)acrylate,
allylated cyclohexyl di(meth)acrylate, glycerin di(meth)
acrylate, dicyclopentanyl di(meth)acrylate, tricyclode-
canedimethanol  di(meth)acrylate,  trimethylolpropane
di(meth)acrylate, neopentyl glycol adipate di(meth)acrylate,
neopentyl glycol di(meth)acrylate, neopentyl glycol hydrox-
ypivalic acid ester diacrylate, ethoxylated trimethylolpropane
tri(meth)acrylate, glycerinpropoxy tri(meth)acrylate, trim-
ethylolpropane polyethoxy tri(meth)acrylate, propionic acid-
modified dipentaerythritol tri(meth)acrylate, ditrimethylol-
propane tetra(meth)acrylate, propionic acid-modified
dipentaerythritol tetra(meth)acrylate, propoxylated pen-
taerythritol tetra(meth)acrylate, propionic acid-modified
dipentaerythritol penta(meth)acrylate, glycidyl methacry-
late, N,N-dimethylacrylamide, N,N-diethylacrylamide,
vinylbenzene, divinylbenzene, vinyltoluene, styrene, c.-me-
thylstyrene, and p-methylstyrene. Here, for example, ethyl-
ene glycol di(meth)acrylate means ethylene glycol diacrylate
and ethylene glycol dimethacrylate.

Further examples of the polymerizable compound having
an ethylenically unsaturated bond in the present invention
include an urethane compound that can be obtained by the
reaction of a polyvalent isocyanate compound and a hydroxy-
alkyl unsaturated carboxylic acid ester compound, a com-
pound that can be obtained by the reaction of a polyvalent
epoxy compound and a hydroxyalkyl unsaturated carboxylic
acid ester compound, a diallyl ester compound such as diallyl
phthalate, and a divinyl compound such as divinyl phthalate.

As the polymerizable compound having an epoxy ring, a
compound having one to six epoxy ring(s) may be used.
Examples of the polymerizable compound having one to six
epoxy ring(s) include a compound having two or more gly-
cidyl ether structures or glycidyl ester structures that can be
prepared from a compound having two or more hydroxy
groups or carboxy groups such as a diol compound, a triol
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compound, a dicarboxylic acid compound, and a tricarboxy-
lic acid compound and a glycidyl compound such as epichlo-
rohydrin.

Specific examples of the polymerizable compound having
an epoxy ring include 1,4-butanediol diglycidyl ether, 1,2-
epoxy-4-(epoxyethyl)cyclohexane, glycerol triglycidyl
ether, diethylene glycol diglycidyl ether, 2,6-diglycidylphe-
nyl glycidyl ether, 1,1,3-tris[p-(2,3-epoxypropoxy)phenyl]
propane, 1,2-cyclohexanedicarboxylic acid diglycidyl ester,
4.4'-methylenebis(N,N-diglycidylaniline), 3,4-epoxycyclo-
hexylmethyl-3,4-epoxycyclohexane carboxylate, trimethy-
lolethane triglycidyl ether, triglycidyl-p-aminophenol, tetra-
glycidyl meta-xylene diamine, tetraglycidyl
diaminodiphenylmethane, tetraglycidyl-1,3-bisaminometh-
ylcyclohexane, bisphenol-A-diglycidyl ether, bisphenol-S-
diglycidyl ether, pentaerythritol tetraglycidyl ether, resorci-
nol diglycidyl ether, phthalic acid diglycidyl ester, neopentyl
glycol diglycidyl ether, polypropylene glycol diglycidyl
ether, tetrabromobisphenol-A-diglycidyl ether, bisphenol
hexafluoroacetone diglycidyl ether, pentaerythritol digly-
cidyl ether, hydrogenated bisphenol-A-diglycidyl ether, tris-
(2,3-epoxypropyl)isocyanurate, 1-{2,3-di(propionyloxy)}-
3,5-bis(2,3-epoxypropyl)-1,3,5-triazine-2,4,6.(1H,3H,5H)-
trione, 1,3-bis{2,3-di(propionyloxy)}-5-(2,3-epoxypropyl)-
1,3,5-triazine-2,4,6.(1H,3H,5H)-trione, monoallyl
diglycidyl isocyanurate, diglycerol polydiglycidyl ether, pen-
taerythritol polyglycidyl ether, 1,4-bis(2,3-epoxypro-
poxyperfluoroisopropyl)cyclohexane, sorbitol polyglycidyl
ether, trimethylolpropane polyglycidyl ether, resorcin digly-
cidyl ether, 1,6-hexanediol diglycidyl ether, polyethylene
glycol diglycidyl ether, phenyl glycidyl ether, p-tertiary
butylphenyl glycidyl ether, adipic acid diglycidyl ether, o-ph-
thalic acid diglycidyl ether, dibromophenyl glycidyl ether,
1,2,7.8-diepoxyoctane, 1,6-dimethylolperfluorohexane dig-
lycidyl ether, 4,4'-bis(2,3-epoxypropoxyperfluoroisopropyl)
diphenyl ether, 2,2-bis(4-glycidyloxyphenyl)propane, 3,4-
epoxycyclohexylmethyl-3',4'-epoxycyclohexane
carboxylate, 3,4-epoxycyclohexyloxirane, 2-(3,4-epoxycy-
clohexyl)-3',4'-epoxy-1,3-dioxane-5-spirocyclohexane, 1,2-
ethylenedioxy-bis(3,4-epoxycyclohexylmethane), 4',5'-ep-
oxy-2'-methylcyclohexylmethyl-4,5-epoxy-2-
methylcyclohexane carboxylate, ethylene glycol-bis(3,4-

epoxycyclohexane carboxylate), bis-(3,4-
epoxycyclohexylmethyl) adipate, and bis(2,3-
epoxycyclopentyl)ether.

As the polymerizable compound having an oxetane ring, a
compound having one to six oxetane ring(s) may be used.
Examples thereof include 3-ethyl-3-hydroxymethyloxetane,
3-ethyl-3-(phenoxymethyl)oxetane, 3,3-diethyloxetane, and
3-ethyl-3-(2-ethylhexyloxymethyl)oxetane, 1,4-bis(((3-
ethyl-3-oxetanyl)methoxy)methyl)benzene, di((3-ethyl-3-
oxetanyl)methyl)ether, and pentaerythritol tetrakis((3-ethyl-
3-oxetanyl)methyl)ether.

As the polymerizable compound having a vinyl ether struc-
ture, a compound having one to six vinyl ether structure(s)
may be used. Examples thereof include vinyl-2-chloroethyl
ether, vinyl-n-butyl ether, 1,4-cyclohexanedimethanol divi-
nyl ether, vinyl glycidyl ether, bis(4-(vinyloxymethyl)cyclo-
hexylmethyl) glutarate, tri(ethylene glycol)divinyl ether, adi-
pic acid divinyl ester, diethylene glycol divinyl ether, tris(4-
vinyloxy)butyl trimellitate, bis(4-(vinyloxy)butyl)
terephthalate, bis(4-(vinyloxy)butyl isophthalate, ethylene
glycol divinyl ether, 1,4-butanediol divinyl ether, tetrameth-
ylene glycol divinyl ether, tetraethylene glycol divinyl ether,
neopentyl glycol divinyl ether, trimethylolpropane trivinyl
ether, trimethylolethane trivinyl ether, hexanediol divinyl
ether, 1,4-cyclohexanediol divinyl ether, tetracthylene glycol
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divinyl ether, pentaerythritol divinyl ether, pentaerythritol
trivinyl ether, and cyclohexanedimethanol divinyl ether.

The polymerizable compound-dispersed silica sol of the
present invention has a silica concentration of 5 to 70% by
mass, and preferably 15 to 60% by mass.

In the polymerizable compound-dispersed silica sol of the
present invention, the dispersed colloidal silica particles may
have a surface with hydrophobic treatment. Examples of the
hydrophobic treatment agent include silazane, siloxane,
alkoxysilane, a partial hydrolysate thereof, and a dimeric to
pentameric oligomer polymerized therefrom.

As the hydrophobic treatment agent, the same hydrophobic
treatment agents as those contained in the organic solvent-
dispersed silica sol described above are exemplified. Among
them, the hydrophobizing agent containing a polymerizable
group may be preferably used because the hydrophobizing
agent may improve the dispersibility to the polymerizable
compound or may bind the colloidal silica particles and a
resin in a curing reaction to improve resin performance.

Furthermore, the polymerizable compound-dispersed
silica sol of the present invention may include a small amount
of an organic solvent for viscosity control and the like.

The polymerizable compound-dispersed silica sol of the
present invention is a stable silica sol in which decomposi-
tion, discoloration, polymerization, and the like of the poly-
merizable compound are not caused even with a high concen-
tration because the dispersed colloidal silica particles have
large negative charge and extremely weak characteristics as
the solid acid.

Furthermore, among the polymerizable compound-dis-
persed silica sol of the present invention, the polymerizable
compound-dispersed silica sol specifically having an epoxy
ring is a very useful silica sol in the point that a cured product
using the silica sol is rarely discolored by silica. Furthermore,
when a cured product obtained from the polymerizable com-
pound having an epoxy ring has high transparency and
strength, the combination of the resin and the colloidal silica
particles of the present invention can provide a clear and
colorless cured product having higher heat resistance and
strength. Therefore, when the cured product is used for a
sealer and the like requiring colorlessness, transparency, and
heat resistance such as an LED sealer, especially excellent
effect is obtained.

The polymerizable compound having an epoxy ring used
in the present invention is preferably an ester modified epoxy
compound containing a compound (i) having a functional
group of Formula (1):

Formula (1)

—CH,—CH CH,

0—C—R,; 0—C—R,

| |
(6] (6]

(where each of R, and R, is independently an alkyl group, an
alkenyl group, an alkynyl group, an aryl group, an aralkyl
group, or a heterocyclic group, or a halogenated, aminated, or
nitrated derivative thereof) in the molecule and a compound
(ii) having a glycidyl group in the molecule.

The compound (i) is a compound in which n pieces of
glycidyl groups (where n is an integer of 2 to 16) in the
molecule are replaced with one or more and n pieces or less of
the functional group(s) of Formula (1). Furthermore, the
compound (ii) is a compound having n pieces of the glycidyl
groups (where n is an integer of 2 to 16) in the molecule.
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In the polymerizable compound having an epoxy ring used
in the present invention, in an epoxy compound to be the raw
material of the compound (i) and the epoxy compound shown
by the compound (ii), n is preferably 3. Furthermore, for an
epoxy compound to be the raw material of the compound (i)
and the epoxy compound shown by the compound (i), tris-
(2,3-epoxypropyl)-isocyanurate is preferably used. When
tris-(2,3-epoxypropyl)-isocyanurate is used, a cured object
having excellent light resistance, weather resistance, heat
resistance, transparency, and the like can be obtained.
Namely, the compound (i) is preferably a compound in which
the glycidyl group in tris-(2,3-epoxypropyl)-isocyanurate is
replaced with the functional group of Formula (1). Further-
more, the compound (ii) is preferably tris-(2,3-epoxypropyl)-
isocyanurate.

In the polymerizable compound having an epoxy ring used
in the present invention, as the compound having the glycidyl
group in the molecule, tris-(2,3-epoxypropyl)-isocyanurate
will be described in detail. Tris-(2,3-epoxypropyl)-isocyanu-
rate is an epoxy resin having three glycidyl groups per mol-
ecule with high crystallizability. The reason why tris-(2,3-
epoxypropyl)-isocyanurate has high crystallizability is
supposed that the oxygen atoms of three epoxy groups
present in the molecule form hydrogen bonds with other
molecules. The oxygen atom of the epoxy group is trans-
formed by a chemical reaction to reduce the crystallizability
to turn into liquid. However, the epoxy group is required for
the curing reaction between the epoxy resin and a curing
agent for curing. Accordingly, the ester modified epoxy com-
pound in a liquid form is required to be a mixture of the
compound (i) in which the epoxy groups are partially trans-
formed and the compound (ii) in which the epoxy groups are
not transformed.

When the polymerizable compound having an epoxy ring
used in the present invention includes tris-(2,3-epoxypropyl)-
isocyanurate in which the glycidyl group is replaced with the
functional group of Formula (1) and tris-(2,3-epoxypropyl)-
isocyanurate, a polymerizable compound in a liquid form
having an epoxy ring can be obtained. The compound (i) is
practically a mixture of a compound in which the acid anhy-
dride of Formula (2) is added to one of the glycidyl groups of
tris-(2,3-epoxypropyl)-isocyanurate, a compound in which
the acid anhydride is added to two of the glycidyl groups, and
a compound in which the acid anhydride is added to the three
glycidyl groups.

In the polymerizable compound having an epoxy ring used
in the present invention, the preferable compound is obtained
by the reaction of tris-(2,3-epoxypropyl)-isocyanurate and
the acid anhydride in a molar ratio of glycidyl group of
tris-(2,3-epoxypropyl)-isocyanurate:acid anhydride molar
ratio=1:0.110 0.5. Itis preferable that an ester modified epoxy
compound containing a mixture of a compound in which the
acid anhydride of Formula (2) is added to one of the glycidyl
groups of tris-(2,3-epoxypropyl)-isocyanurate, a compound
in which the acid anhydride is added to two of the glycidyl
groups, and a compound in which the acid anhydride is added
to the three glycidyl groups (the compound (1)) and tris-(2,3-
epoxypropyl)-isocyanurate (the compound (ii)) in a molar
ratio of compound (i):compound (ii)=1:0.3 to 1.5 can be
obtained.

In the polymerizable compound having an epoxy ring used
in the present invention, the acid anhydride [Formula (2)]
used for the preparation of the compound (i) is a so-called
acid anhydride obtained from two molecules of a monocar-
boxylic acid. It is different from the acid anhydride that is
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obtained from a dicarboxylic acid and is used as the curing
agent for epoxy resins, and does not have the function as the
curing agent for epoxy resins.

Formula (2)
e}
Rt
—
\
O

/
Ry—C
|
e}

The sum of the glycidyl groups in the synthesized com-
pound (i) and the glycidyl groups in the compound (ii) is
preferably two or more on average in terms of per molecule
(the total number of glycidyl groups is divided by the total
number of molecules). When the sum of the glycidyl groups
is less than 2, it is not preferable because the physical prop-
erties of the cured object, specifically, the heat resistance is
reduced.

The acid anhydride [Formula (2)] used in the present inven-
tion is not specifically limited, but in Formula (2), each of R
and R, is independently an alkyl group, an alkenyl group, an
alkynyl group, an aryl group, an aralkyl group, a heterocyclic
group, or a halogenated, aminated, or nitrated derivative
group thereof.

The alkyl group is a C,_,5 alkyl group. Examples thereof
include a methyl group, an ethyl group, an n-propyl group, an
i-propyl group, a cyclopropyl group, an n-butyl group, an
i-butyl group, an s-butyl group, a t-butyl group, a cyclobutyl
group, a 1-methyl-cyclopropyl group, a 2-methyl-cyclopro-
pyl group, an n-pentyl group, a 1-methyl-n-butyl group, a
2-methyl-n-butyl group, a 3-methyl-n-butyl group, a 1,1-
dimethyl-n-propyl group, a 1,2-dimethyl-n-propyl group, a
2,2-dimethyl-n-propyl group, a 1-ethyl-n-propyl group, a
cyclopentyl group, a 1-methyl-cyclobutyl group, a 2-methyl-
cyclobutyl group, a 3-methyl-cyclobutyl group, a 1,2-dim-
ethyl-cyclopropyl group, a 2,3-dimethyl-cyclopropyl group,
a 1-ethyl-cyclopropyl group, a 2-ethyl-cyclopropyl group, an
n-hexyl group, a 1-methyl-n-pentyl group, a 2-methyl-n-pen-
tyl group, a 3-methyl-n-pentyl group, a 4-methyl-n-pentyl
group, a 1,1-dimethyl-n-butyl group, a 1,2-dimethyl-n-butyl
group, a 1,3-dimethyl-n-butyl group, a 2,2-dimethyl-n-butyl
group, a 2,3-dimethyl-n-butyl group, a 3,3-dimethyl-n-butyl
group, a 1-ethyl-n-butyl group, a 2-ethyl-n-butyl group, a
1,1,2-trimethyl-n-propyl group, a 1,2,2-trimethyl-n-propyl
group, a 1-ethyl-1-methyl-n-propyl group, a 1-ethyl-2-me-
thyl-n-propyl group, a cyclohexyl group, a 1-methyl-cyclo-
pentyl group, a 2-methyl-cyclopentyl group, a 3-methyl-cy-
clopentyl group, a l-ethyl-cyclobutyl group, a 2-ethyl-
cyclobutyl group, a 3-ethyl-cyclobutyl group, a 1,2-dimethyl-
cyclobutyl group, a 1,3-dimethyl-cyclobutyl group, a 2,2-
dimethyl-cyclobutyl group, a 2,3-dimethyl-cyclobutyl group,
a 2,4-dimethyl-cyclobutyl group, a 3,3-dimethyl-cyclobutyl
group, a 1-n-propyl-cyclopropyl group, a 2-n-propyl-cyclo-
propyl group, a 1-i-propyl-cyclopropyl group, a 2-i-propyl-
cyclopropyl group, a 1,2,2-trimethyl-cyclopropyl group, a
1,2,3-trimethyl-cyclopropyl group, a 2,2,3-trimethyl-cyclo-
propyl group, a l-ethyl-2-methyl-cyclopropyl group, a
2-ethyl-1-methyl-cyclopropyl group, a 2-ethyl-2-methyl-cy-
clopropyl group, a 2-ethyl-3-methyl-cyclopropyl group, a
n-heptyl group, and a cyclohexyl group.

The alkenyl group is a C, 4 alkenyl group. Examples
thereof include a vinyl group, a 1-propenyl group, and a
2-propenyl group.
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The alkynyl group is a C, 4 alkynyl group. Examples
thereof include an ethynyl group and a propargyl group.

The aryl group is a Cq_,, aryl group. Examples thereof
include a phenyl group, a tolyl group, a naphthyl group, a
methylnaphthyl group, an anthryl group, and an ethylanthryl
group.

The aralkyl group is a C,_,, aralkyl group. Examples
thereof include a benzyl group, a phenethyl group, a naphth-
ylmethyl group, a naphthylethyl group, an anthryl group, and
an anthrylmethyl group.

Examples of the heterocyclic group include an imidazole
group, a pyrazole group, a pyridazine group, a pyrimidine
group, a quinoline group, a benzoxazole group, a thiophene
group, a dithiol group, a thiazole group, a thiadiazole group,
and a benzothiazole group.

The alkyl group, the alkenyl group, the alkynyl group, the
aryl group, the aralkyl group, and the heterocyclic group may
be used as a halogenated (for example, fluorinated, chlori-
nated, brominated, or iodinated), aminated, or nitrated deriva-
tive group. Examples thereof include a chloromethyl group, a
dichloromethyl group, a trichloromethyl group, a trifluorom-
ethyl group, an aminophenyl group, and a nitrobenzyl group.

R; and R, may be the same or different. Examples of the
acid anhydride of Formula (2) containing R; and R, include
acetic anhydride, propionic anhydride, n-butyric anhydride,
n-valeric anhydride, n-hexanoic anhydride, trifluoroacetic
anhydride, cinnamic anhydride, and benzoic anhydride.
According to the type of the used acid anhydride [Formula
(2)], R; and R, in Formula (2) are determined, but each of R
and R, is preferably a linear C,_; hydrocarbon group from the
point of the transparency of the obtained cured object. In
particular, propionic anhydride is preferred.

When tris-(2,3-epoxypropyl)-isocyanurate is used as the
epoxy resin with high crystallizability, a low-melting type
(o-form) stereoisomer of tris-(2,3-epoxypropyl)-isocyanu-
rate is preferably used. Tris-(2,3-epoxypropyl)-isocyanurate
synthesized from isocyanuric acid and epichlorohydrin is a
mixture containing a low-melting type stereoisomer of tris-
(2,3-epoxypropyl)-isocyanurate (crystal in the a-form, called
a-form) and a high-melting type stereoisomer of tris-(2,3-
epoxypropyl)-isocyanurate (crystal in the p-form, called
[p-form) with a ratio of 3:1. The reason for this is that epichlo-
rohydrin as the raw material is an equimolar mixture of the R
type and S type optical isomers. The synthesized tris-(2,3-
epoxypropyl)-isocyanurate includes eight types of tris-(2,3-
epoxypropyl)-isocyanurate, that is, RRR, SSS, RSS, SSR,
SRS, RRS, RSR, and SRR configurations, in the same ratio
because three molecules of epichlorohydrin are added to a
molecule of isocyanuric acid. Here, the crystal of tris-(2,3-
epoxypropyl)-isocyanurate formed from the combination of
the RRR isomer and the SSS isomer is the p-form tris-(2,3-
epoxypropyl)-isocyanurate, and the crystal formed from the
combination of the other six isomers of tris-(2,3-epoxypro-
pyl)-isocyanurate is the a-form tris-(2,3-epoxypropyl)-iso-
cyanurate. Accordingly, the crystals are formed in the ratio
above. The a-form tris-(2,3-epoxypropyl)-isocyanurate has a
melting point of 98 to 107° C. (the value measured using
automatic melting point determination method Mettler with a
temperature increase rate of 2° C./min, hereinafter the same
shall apply), and have a remarkably higher solubility with
respect to a solvent comparing with the p-form tris-(2,3-
epoxypropyl)-isocyanurate having a melting point of 152 to
158° C. This difference corresponds to the difference between
the intermolecular interaction of tris-(2,3-epoxypropyl)-iso-
cyanurate forming the a-form and the intermolecular inter-
action of tris-(2,3-epoxypropyl)-isocyanurate forming the
p-form crystals, and means that the p-form crystal has high
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crystallizability. Thus, in the case that tris-(2,3-epoxypropyl)-
isocyanurate is applied to the liquid polymerizable compound
having an epoxy ring used in the present invention, when the
unreacted tris-(2,3-epoxypropyl)-isocyanurate is the a-form,
the crystal is not readily precipitated. Therefore, it is prefer-
able that the a-form tris-(2,3-epoxypropyl)-isocyanurate be
used as the raw material.

Next, the reaction of tris-(2,3-epoxypropyl)-isocyanurate
and an acid anhydride will be described. The solvent used for
the reaction may be any solvent as far as the solvent is inert
with respect to the reaction. Typical examples of the solvent
include ketones such as acetone and methyl ethyl ketone,
nitriles such as acetonitrile, ethers such as tetrahydrofuran
and dioxane, esters such as ethyl acetate, aromatic hydrocar-
bons such as chlorobenzene and toluene, and halogenated
hydrocarbons such as chloroform and dichloroethane. These
solvents are used alone or as a mixed solvent and dissolve
tris-(2,3-epoxypropyl)-isocyanurate. Tertiary amines such as
triethylamine, tripropylamine, and 1,8-diazabicyclo-5,.4,0-
undecane-7-ene, quaternary phosphonium salts such as a
halogenated triphenyl monoalkyl phosphonium represented
by triphenylethylphosphonium bromide and the like, imida-
zole compounds such as 2-ethyl-4-methylimidazole, quater-
nary ammonium salts such as tetracthylammonium bromide,
and phosphorus compounds such as triphenylphosphine may
be used as a catalyst as necessary. The reaction temperature is
the reflux temperature of a solvent. The reaction is carried out
until the epoxy group content determined by the titration
using a solution of 0.1 N-perchloric acid/acetic acid reaches
the theoretical value (the value where the added acid anhy-
dride reacts to disappear). After the completion of the reac-
tion, the solvent is removed by evaporation to give a liquid
ester modified epoxy compound.

The obtained liquid ester modified epoxy compound con-
tains, from the result of HPLC (high performance liquid
chromatography) analysis, a mixture of a compound in which
the acid anhydride of Formula (2) is added to one of the
glycidyl groups of tris-(2,3-epoxypropyl)-isocyanurate, a
compound in which the acid anhydride is added to two of the
glycidyl groups, and a compound in which the acid anhydride
is added to the three glycidyl groups (compound i) and unre-
acted tris-(2,3-epoxypropyl)-isocyanurate (compound ii).
Furthermore, the obtained liquid ester modified epoxy com-
pound contains a mixture of a compound in which the acid
anhydride of Formula (2) is added to one of the glycidyl
groups of tris-(2,3-epoxypropyl)-isocyanurate and a com-
pound in which the acid anhydride is added to two of the
glycidyl groups (compound i) and unreacted tris-(2,3-ep-
oxypropyl)-isocyanurate (compound ii). Moreover, the
obtained liquid ester modified epoxy compound contains a
compound in which the acid anhydride of Formula (2) is
added to one of the glycidyl groups of tris-(2,3-epoxypropyl)-
isocyanurate (compound i) and unreacted tris-(2,3-epoxypro-
pyD)-isocyanurate (compound ii).

The liquid ester modified epoxy compound has a viscosity
of about 500 to 5000 mPa-s in the measurement at 60° C.

Inthe polymerizable compound-dispersed silica sol having
an epoxy ring, the dispersed colloidal silica particles of the
present invention have large negative charge and extremely
weak characteristics as the solid acid. Thus, when the poly-
merizable compound-dispersed silica sol is mixed into an
epoxy curing composition, silica can be filled in the cured
product with high concentration and the cured object is col-
ored little. Furthermore, the cured product of the polymeriz-
able compound having an epoxy ring itself has high transpar-
ency and strength. When the resin and the colloidal silica
particles of the present invention are combined, a cured prod-
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uct having very high heat resistance, colorlessness and trans-
parency, and strength can be obtained. Thus, when the poly-
merizable compound-dispersed silica sol having an epoxy
ring is used for an application requiring colorlessness and
transparency and heat resistance such as an LED sealer, espe-
cially excellent effect is obtained.

The dicarboxylic anhydride-dispersed silica sol of the
present invention is a dispersion of the colloidal silica par-
ticles of the present invention in a dicarboxylic anhydride in
a liquid form at 30° C. Here, in a liquid form at 30° C." means
being a liquid form at 30° C. under atmospheric pressure.

Specific examples of the dicarboxylic anhydride in a liquid
form at 30° C. used in the dicarboxylic anhydride-dispersed
silica sol of the present invention include methyltetrahydro-
phthalic anhydride, methylhexahydrophthalic anhydride,
methylnadic anhydride, hydrogenated methylnadic anhy-
dride, hydrogenated trimellitic acid, trialkylhydrophthalic
anhydride, and dodecenylsuccinic anhydride.

Among the dicarboxylic anhydrides, methylhexahydro-
phthalic anhydride, hydrogenated methylnadic anhydride,
and hydrogenated trimellitic acid are specifically preferred
because the obtained epoxy cured product has high colorless-
ness and transparency, heat resistance, and light resistance.
Furthermore, when a mixture of a dicarboxylic anhydride in
a solid form such as hexahydrophthalic anhydride and the
dicarboxylic anhydride in a liquid form is liquid at 30° C., the
mixture may be used in the present invention.

The dicarboxylic anhydride-dispersed silica sol of the
present invention has a silica concentration of 5 to 70% by
mass, and preferably 15 to 60% by mass.

In the dicarboxylic anhydride-dispersed silica sol of the
present invention, the dispersed colloidal silica particles may
have a surface with hydrophobic treatment. Examples of the
hydrophobic treatment agent include silazane, siloxane,
alkoxysilane, a partial hydrolysate thereof, and a dimeric to
pentameric oligomer polymerized therefrom.

As the hydrophobic treatment agent, the same hydrophobic
treatment agents as those contained in the organic solvent-
dispersed silica sol described above are exemplified.

In the dicarboxylic anhydride-dispersed silica sol of the
present invention, the dispersed colloidal silica particles have
large negative charge and extremely weak characteristics as
the solid acid. Thus, when the silica sol is mixed into an epoxy
curing composition, silica can be filled in the cured product
with high concentration and the cured object is colored little.
In particular, when the polymerizable compound-dispersed
silica sol having an epoxy ring as the dispersion medium of
the present invention is combined, the colloidal silica par-
ticles can be filled into the epoxy cured product with a high
filling rate and with the colorlessness and transparency of the
resin kept. Thus, when the silica sol is used for an application
requiring colorlessness and transparency and heat resistance
such as an LED sealer, especially excellent effect is obtained.

The colloidal silica particles of the present invention is
colloidal silica particles that include at least one polyvalent
metal element M selected from a group consisting of iron,
aluminum, zin¢, zirconium, titanium, tin, and lead in an aver-
age content of 0.001 to 0.02 in terms of M/Si molar ratio and
that have an average primary particle diameter of 5 to 40 nm.
In the colloidal silica particles, the content of the polyvalent
metal element M present in an outermost layer of the colloidal
particles is 0 to 0.003 atom per square nanometer of the
surface area of the colloidal particles. The colloidal silica
particles can be produced by a process including the steps (1)
and (I):

(D: adding an acid to a silica sol containing colloidal silica
particles so thatthe silica sol has a pH of O to 2.0, the colloidal
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silica particles including at least one polyvalent metal ele-
ment M selected from a group consisting of iron, aluminum,
zine, Zirconium, titanium, tin, and lead in an average content
01 0.001 to 0.02 in terms of M/Si molar ratio and having an
average primary particle diameter of 5to 40 nm; and aging the
sol at 0 to 40° C. for 0.5 to 100 hours, and

(II): contacting the acidic silica sol obtained in (I) with a
strongly acidic cation-exchange resin in the hydrogen form at
apH of 010 2.0, and further contacting the sol with a strongly
basic anion-exchange resin in the hydroxy form.

In the step (I), an aqueous silica sol dispersing colloidal
silica particles including at least one polyvalent metal ele-
ment M selected from a group consisting of iron, aluminum,
zine, Zirconium, titanium, tin, and lead in an average content
01 0.001 to 0.02 in terms of M/Si molar ratio and having an
average primary particle diameter of 5 to 40 nm can be
obtained according to, for example, the process disclosed in
Japanese Patent Application Publication No. IJP-A-63-
123807. For example, the process in which, to an aqueous
solution of an alkali metal silicate such as sodium silicate, an
aqueous solution of an aluminum compound is mixed to give
anaqueous solution as the raw material, and then the silica sol
is particle-controlled is described. Furthermore, as another
process, the process for producing the silica sol in which,
when the silica sol is particle-controlled, an aqueous solution
of'an aluminum compound is added, specifically, to an alka-
line aqueous solution containing silica or an aqueous solution
of an alkali metal hydroxide, an acidic silicic acid solution
and an aqueous solution of an aluminum compound are
simultaneously or alternately added to particle-control the
silica sol is described. The used aluminum compound is an
aluminate represented by sodium aluminate or an acidic alu-
minum salt represented by aluminum sulfate and aluminum
chloride. A tin compound, a zinc compound, a lead com-
pound, and the like may be used other than the above alumi-
num compound, and sodium stannate, sodium zincate,
sodium plumbite, and the like may be specifically used.

Next, to the obtained aqueous silica sol, an acid is added.
The used aqueous silica sol has a silica concentration of 40%
by mass or less, and suitably 30% by mass or less. When the
silica concentration is more than 40% by mass, the silica sol
may have an increased viscosity or turn into a gel. Further-
more, when the silica concentration is remarkably low (for
example less than 5% by mass), the producing efficiency is
reduced. Thus, itis preferable that the sol is concentrated with
an ultrafiltration membrane and the like to make the silica
concentration 5% by mass or more and then an acid is added.
The aqueous silica sol that may be used when an acid is added
may be an alkaline silica sol and an acidic silica sol in which
the alkali metal ions in the alkaline silica sol are removed by
a cation exchange resin and the like. The type of the acid to be
added is preferably a strong acid among inorganic acids or
organic acids in consideration of the effect for eluting poly-
valent metal ions from the colloidal silica particles. Specifi-
cally, hydrochloric acid, sulfuric acid, nitric acid, phosphoric
acid, benzenesulfonic acid, and the like are selected. When
the acid is added to the aqueous silica sol, an aqueous solution
of'the acid having an acid concentration of 1 to 20% by mass
is preferably added. The addition amount of the acid is deter-
mined so that the aqueous silica sol would have a pH in range
from 0 to 2.0. When the pH is more than 2.0, the colloidal
silica particles have insufficient effect for eluting the polyva-
lent metal elements as the polyvalent metal ions from near the
surface of the colloidal silica particles. The acid is added to
make the pH of the aqueous silica sol in a range from 0 to 2.0,
and then the sol is aged at 0° C. t0 40° C. for 30 minutes to 100
hours. When the aging temperature is below the range, the
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effect for eluting the polyvalent metal ions from near the
surface of the colloidal silica particles becomes insufficient.

In the next step (11), first, the acidic silica sol obtained in the
step (1) is brought into contact with a strongly acidic cation-
exchange resin in the hydrogen form to remove the polyvalent
metal ion eluted from near the surface of the colloidal silica
particles. At the time, the acidic silica sol is checked to have
a pH of 2.0 or less. When the pH is more than 2.0, the
polyvalent metal ion may not be sufficiently eluted, and a part
of' the eluted polyvalent metal ion is not sufficiently adsorbed
on the cation exchange resin to remain on the surface of the
colloidal silica particles. Next, the sol is brought into contact
with a strongly basic anion-exchange resin in the hydroxy
form to remove the excess negative ion component. Because
the strongly basic anion-exchange resin in the hydroxy form
is usually regenerated with a strong base such as sodium
hydroxide, a trace amount of the sodium ion or the like
remains. Thus, after the acidic silica sol is brought into con-
tact, a trace amount of the sodium ion or the like may leak in
the acidic silica sol. In this case, the sol is preferably brought
into contact with the strongly acidic cation-exchange resin
once again to remove the sodium ion or the like. Furthermore,
before the sol is brought into contact with a strongly acidic
cation-exchange resin in the hydrogen form and a strongly
basic anion-exchange resin in the hydroxy form, pure water
may be added to the aqueous silica sol to adjust the silica
concentration. According to the process including the step (I)
and the step (II), the colloidal silica particles of the present
invention can be obtained.

The organic solvent-dispersed silica sol of the present
invention is produced by a process in which water contained
in the aqueous silica sol dispersing the colloidal silica par-
ticles of the present invention obtained by the above produc-
ing method is replaced with an organic solvent. The organic
solvent replacement of the aqueous silica sol may be carried
out by any method known in the art, and examples thereof
include a distillation replacement method and an ultrafiltra-
tion method. When the organic solvent is a hydrophobic
organic solvent such as methyl ethyl ketone, methyl isobutyl
ketone, ethyl acetate, and toluene, the method in which a
hydrophobic treatment is carried out on the surface of the
colloidal silica particles in the aqueous silica sol, and then
water is replaced with a desired solvent can be applied. The
known methods of the hydrophobic treatment are the method
in which an aqueous silica sol is heated in the presence of an
excess alcohol to esterify the silanol group on the surface of
the colloidal silica particles (Japanese Patent Application
Publication No. JP-A-57-196717) and the method in which
the silica surface is treated with a silylation agent or a silane
coupling agent (Japanese Patent Application Publication No.
JP-A-58-145614, Japanese Patent Application Publication
No. JP-A-03-187913, and Japanese Patent Application Pub-
lication No. JP-A-11-43319).

The polymerizable compound-dispersed silica sol of the
present invention is produced by replacing, with the polymer-
izable compound, the organic solvent that is the dispersion
medium of the organic solvent-dispersed silica sol dispersing
the colloidal silica particles of the present invention obtained
by the above producing process. A polymerizable compound
is added to the organic solvent-dispersed silica sol, and at
least a part of the organic solvent is removed by evaporation
with stirring under reduced pressure or under ambient pres-
sure at room temperature or with heating to give the polymer-
izable compound-dispersed silica sol of the present invention.
The condition for replacing an organic solvent with a poly-
merizable compound may be any condition under which the
organic solvent can be removed by evaporation without poly-

40

45

20

merization and decomposition of the polymerizable com-
pound. The pressure in a container for the replacement and the
liquid temperature are properly controlled. When the organic
solvent is replaced with the polymerizable compound, all of
the required amount of the polymerizable compound may be
added to the organic solvent-dispersed silica sol, and then the
organic solvent may be removed by evaporation. Alterna-
tively, while removing the organic solvent of the organic
solvent-dispersed silica sol by evaporation, the polymeriz-
able compound may gradually be added to the organic sol-
vent-dispersed silica sol to replace. When the organic solvent
is removed by evaporation, attention should be paid to prevent
the silica sol from turning into a gel due to excessively high
silica concentration. The polymerizable compound-dispersed
silica sol of the present invention may be a silica sol in which
the dispersion medium is almost the polymerizable com-
pound alone after the organic solvent of the organic solvent-
dispersed silica sol of the present invention is almost com-
pletely removed by evaporation, or, in order to prevent the
viscosity increase, may be a sol in a mixed dispersion medium
of'the polymerizable compound and the organic solvent with
apart of the organic solvent remaining. The mixed dispersion
medium preferably has a polymerizable compound/organic
solvent mass ratio in a range from 100:0 to 50:50.

Furthermore, the polymerizable compound-dispersed
silica sol of the present invention can also be produced by
directly replacing, with the polymerizable compound, water
that is the dispersion medium of the aqueous silica sol dis-
persing the colloidal silica particles of the present invention
obtained by the producing method.

The dicarboxylic anhydride-dispersed silica sol of the
present invention can be produced from the non-alcoholic
organic solvent-dispersed silica sol among the organic sol-
vent-dispersed silica sol dispersing the colloidal silica par-
ticles of the present invention obtained by the above produc-
ing method. That is, the dicarboxylic anhydride-dispersed
silica sol can be produced by replacing the non-alcoholic
organic solvent of the non-alcoholic organic solvent-dis-
persed silica sol with a dicarboxylic anhydride in a liquid
form at 30° C. A dicarboxylic anhydride is added to the
non-alcoholic organic solvent-dispersed silica sol, and at
least a part of the organic solvent is removed by evaporation
with stirring under reduced pressure or under ambient pres-
sure at room temperature or with heating to give the dicar-
boxylic anhydride-dispersed silica sol.

When the non-alcoholic organic solvent is replaced with
the dicarboxylic anhydride, all of the required amount of the
dicarboxylic anhydride may be added to the non-alcoholic
organic solvent-dispersed silica sol, and then the organic sol-
vent may be removed by evaporation. Alternatively, while
removing the organic solvent of the non-alcoholic organic
solvent-dispersed silica sol by evaporation, the dicarboxylic
anhydride may gradually be added to the organic solvent-
dispersed silica sol to replace. When the organic solvent is
removed by evaporation, attention should be paid to prevent
the silica sol from turning into a gel due to excessively high
silica concentration.

The dicarboxylic anhydride-dispersed silica sol of the
present invention may be a silica sol in which the dispersion
medium is almost the dicarboxylic anhydride alone after the
organic solvent of the non-alcoholic organic solvent-dis-
persed silica sol is almost completely removed by evapora-
tion, or, in order to prevent the viscosity increase, may be a sol
in a mixed dispersion medium of the dicarboxylic anhydride
and the non-alcoholic organic solvent with the non-alcoholic
organic solvent remaining. The mixed dispersion medium
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preferably has a dicarboxylic anhydride/non-alcoholic
organic solvent mass ratio in a range from 100:0 to 50:50.

The non-alcoholic organic solvent preferably has low reac-
tivity with the dicarboxylic anhydride, and examples thereof
include ethers, esters, ketones, and hydrocarbons. Examples
of the ethers include diethyl ether, dipropyl ether, dibutyl
ether, tetrahydrofuran, and dioxane. Examples of the esters
include ethyl formate, methyl acetate, ethyl acetate, propyl
acetate, butyl acetate, cthylene glycol monoethyl ether
acetate, and ethylene glycol monobutyl ether acetate.
Examples of the ketones include acetone, methyl ethyl
ketone, 2-pentanone, 3-pentanone, methyl isobutyl ketone,
2-heptanone, and cyclohexanone. Examples of the hydrocar-
bons include n-hexane, cyclohexane, benzene, toluene,
xylene, solvent naphtha, dichloromethane, and trichloroeth-
ylene. Examples of other organic solvents include acetoni-
trile, acetamide, N,N-dimethylformamide, dimethylsulfox-
ide, N,N-dimethylacetamide, and N-methylpyrrolidone.

EXAMPLES
Analytical Method

[SiO, Concentration]

A silica sol was placed into a crucible and dried at 130° C.
Then, the obtained gel was calcined at 800° C. and the cal-
cined residue was weighed to calculate the SiO, concentra-
tion.

[Average Primary Particle Diameter (Particle Diameter by
Nitrogen Adsorption Method)]

The specific surface area of the powder that is a dried acidic
silica sol at 300° C. was measured with a specific surface area
analyzer MONOSORB (registered trademark) MS-16
(manufactured by Yuasa Ionics Inc.).

[Zeta Potential]

An acidic silica sol was diluted with pure water, and
adjusted with 0.1 N aqueous hydrochloric acid solution to
havea pH of3.5. Then, the zeta potential of the colloidal silica
particles was measured with a laser zeta potential analyzer
ELS-6000 (manufactured by Otsuka Electronics Co., Ltd.).
[Water Content]

Measured by a Karl Fischer titration method.

[Organic Solvent Content]

Measured by gas chromatography.

The following gas chromatography conditions were
adopted:

Column: 3 mmx1 m glass column, Filler: PoraPak Q, Col-
umn Temperature: 130 to 230° C. (a temperature rise of 8°
C./min), Carrier: N, 40 mL/min, Detector: FID, Injection
Volume: 1 pl, Internal Standard: methyl ethyl ketone or
acetonitrile.

[Viscosity]

The viscosity of a silica sol was measured with a B-type
rotational viscometer (manufactured by Toki Sangyo Co.,
Ltd.).

[Analysis of Content of Polyvalent Metal Element in Outer-
most Layer of Colloidal Silica Particles]

When the number of Si atoms present in the outermost
layer of colloidal silica particles is 7.9 per square nanometer,
in the case that the average content of the polyvalent metal
element M is a molar ratio of M/Si, the number of the poly-
valent metal element M present in the outermost layer of the
colloidal silica particles is calculated as 7.9xM/Si per square
nanometer. As a result of the intensive studies for quantita-
tively determining the polyvalent metal element in the outer-
most layer ofthe colloidal silica particles, it was revealed that,
when an aqueous sol containing colloidal silica particles is
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adjusted to have a pH of 1.9 with nitric acid and kept at 20 to
25° C. for 4.5 hours, only the polyvalent metal element in the
outermost layer is cationized. The silica sol adjusted to have
a pH of 1.9 with nitric acid was subjected to centrifugation,
and the content of the polyvalent metal element in the filtrate
was measured to quantitatively determine the polyvalent
metal element present in the outermost layer of the colloidal
silica particles. For example, in the colloidal silica particles in
Reference Example 1, itis supposed that the polyvalent metal
elements are almost equally present in the particles, and the
M/Si molar ratio was 0.0028. From the value, the polyvalent
metal element in the outermost layer was calculated as 7.9x
0.0028=0.022 atom per square nanometer. On the other hand,
the acidic silica sol 1a was adjusted to have a pH of 1.9 with
nitric acid, kept at 20 to 25° C. for 4.5 hours, and subjected to
centrifugal filtration to give the filtrate. The content of the
polyvalent metal element in the filtrate was determined by
plasma emission spectrometry as 0.020 atom per square
nanometer, which almost corresponded to the calculated
value.

The specific measurement method of the content of the
polyvalent metal element in the outermost layer of colloidal
silica particles was as follows.

As Si0,, 1.0 g of an acidic silica sol was taken and diluted
with 50 g of pure water, then adjusted to have a pH of 1.9 with
10% by mass of nitric acid (EL grade), and kept at 23° C. for
4.5 hours. The sol was placed in a centrifugal filter (Amicon
Ultra-15, manufactured by MILLIPORE, a molecular weight
cut off of 10,000), and centrifuged at 5,000 rpm for 30 min-
utes. The obtained filtrate was subjected to a metal analysis
with a plasma emission spectrometer (SPS7800, manufac-
tured by Seiko Instruments Inc.). The polyvalent metal ele-
ment measured by the method is the polyvalent metal element
present in the outermost layer of the colloidal silica particles.
This value is divided by the surface area of the colloidal silica
particles obtained by the nitrogen adsorption method to cal-
culate the content of the polyvalent metal element M present
in 1 nm? of the outermost layer of the colloidal silica particles.

Reference Example 1

To a 100 L plastic container, 9.6 kg of a sodium silicate
solution (manufactured by Fuji Kagaku Corp., No. 3 sodium
silicate, a Si0, concentration 0£29.1% by mass, a Si0,/Na,O
molar ratio of 3.2, and an Al,0,/SiO, molar ratio of 0.0003)
and 60.2 kg of pure water were placed and stirred so as to be
homogeneous. To the diluted sodium silicate solution, 1.98
kg of an aqueous solution of sodium aluminate (an Al,O,
concentration of 1.0% by mass and a Na,O concentration of
0.77% by mass) was added with stirring with a disper, and the
whole was stirred for 30 minutes. The obtained aqueous solu-
tion was passed through a column filled with 24 T of a
strongly acidic cation-exchange resin in the hydrogen form
(Amberlite (registered trademark) IR-120B, manufactured
by Organo Corporation) to give 70.0 kg of an activated silica
solution (a Si0, concentration of 3.7% by mass and a pH of
2.8). To a 100 L stainless steel container with a reflux con-
denser, a stirrer, a heater, and a pouring hole, 0.31 kg of the
sodium silicate solution and 9.1 kg of pure water were placed,
and the whole was heated to 90° C. to make a heel solution.
Keeping the heel solution at 90° C., to the heel solution, 69.6
kg of the activated silica solution was added from the pouring
hole at a constant flow rate over 6 hours. After the completion
of'the addition, the solution was kept at 90° C. for 4 hours, and
then concentrated by an ultrafiltration method to give 9.0 kg
of an alkaline silica sol 1 having a SiO, concentration of
28.5% by mass (an average primary particle diameter (par-
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ticle diameter by a nitrogen adsorption method) of 12 nm and
a pH of 9.8). The obtained alkaline silica sol 1 was passed
through a column filled with 1.5 L. of a strongly acidic cation-
exchange resin in the hydrogen form (Amberlite (registered
trademark) IR-120B, manufactured by Organo Corporation),
a column filled with 1.0 L of a strongly basic anion-exchange
resin in the hydroxy form (Amberlite (registered trademark)
1R-410, manufactured by Organo Corporation), and a column
filled with 300 mL of a strongly acidic cation-exchange resin
in the hydrogen form (Amberlite IR-120B) in this order to
give 10.0kg of an acidic silica sol 1a (a SiO, concentration of
25.0% by mass, an average primary particle diameter of 12
nm, a pH of 2.8, an average content of at least one polyvalent
metal element M selected from a group consisting of iron,
aluminum, zinc, zirconium, titanium, tin, and lead in the
colloidal silica particles: M/Si molar ratio of 0.0028, the
polyvalent metal element M present in the outermost layer of
the colloidal silica particles of 0.020 atom/nm?, and a zeta
potential of =24 mV).

Reference Example 2

To 4000 g of the acidic silica sol 1a obtained in Reference
Example 1, 74.0 g ofa 10% by mass aqueous sodium hydrox-
ide solution was added to alkalify the sol (a pH 0f 9.2), and
then the hydrothermal treatment was carried out on the sol
with a 3 L stainless-steel autoclave container at 205° C. for
2.5 hours to prepare an alkaline silica sol 2. The hydrothermal
treatment was carried out twice on each 2000 g of the alkali-
fied sol. The obtained alkaline silica sol 2 had a SiO, concen-
tration of 25.0% by mass, an average primary particle diam-
eter of 22 nm, and a pH of 10.3. Through a column filled with
500 mL of a strongly acidic cation-exchange resin in the
hydrogen form (Amberlite IR-120B), 4000 g of the alkaline
silica sol 2 was passed to give 4000 g of an acidic silica sol 2a
(a Si0, concentration of 25.0% by mass, an average primary
particle diameter of 22 nm, a pH of 2.5, an average content of
the polyvalent metal element M: an M/Si molar ratio of
0.0027, the polyvalent metal element M present in the outer-
most layer of the colloidal silica particles of 0.038 atom/nm?,
and a zeta potential of =28 mV).

The physical properties of the silica sols obtained in Ref-
erence Examples 1 and 2 are shown in Table 1.

TABLE 1

Reference Example 1
Acidic silica sol 1a

Reference Example 2
Acidic silica sol 2a

Average primary 12 22
particle diameter (nm)

SiO, (% by mass) 25.0 25.0

pH 2.8 2.5
Zeta potential (mV) -24 -28

M/Si (average content) 0.0028 0.0027
(molar ratio)

Fe/Si 0.00002 0.00002
Al/Si 0.00271 0.00256
Ti/Si 0.00007 0.00006
Zr/Si 0.00002 0.00002
Z1/Si <0.00001 <0.00001
Pb/Si <0.00001 <0.00001
S/Si <0.00001 <0.00001
Polyvalent metal element 0.020 0.038
M in outermost layer

of colloidal silica

particles (atom/nm?)

Fe <0.0001 <0.0001
Al 0.0198 0.0383
Ti <0.0001 <0.0001
Zr <0.0001 <0.0001
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TABLE 1-continued

Reference Example 1
Acidic silica sol 1a

Reference Example 2
Acidic silica sol 2a

Zn <0.0001 <0.0001

Pb <0.0001 <0.0001

Sn <0.0001 <0.0001
Example 1

Ina 3 L polyethylene jar, 2000 g of the acidic silica sol 1a
(an average primary particle diameter of 12 nm, SiO, of
25.0% by mass, a pH of 2.8, an average content of the poly-
valent metal element M: M/Si molar ratio of 0.0028, the
polyvalent metal element M in the surface of the particles of
0.020 atom/nm?>, and a zeta potential of —24 mV) obtained in
Reference Example 1 was taken. With stirring using a disper
at 1000 rpm, 96.0 g of 10% by mass sulfuric acid was added
to the sol, and then the whole was stirred for 10 minutes. The
obtained silica sol had a pH of 1.2. The sol was left at 23° C.
for 24 hours, and then passed through a column filled with
100 mL of a strongly acidic cation-exchange resin in the
hydrogen form (Amberlite IR-120B), a column filled with
250 mL of a strongly basic anion-exchange resin in the
hydroxy form (Amberlite IR-410), and a column filled with
50mlL of astrongly acidic cation-exchange resin in the hydro-
gen form (Amberlite IR-120B) in this order over 2 hours to
give an acidic silica sol 1A (an average primary particle
diameter of 12 nm, SiO, of 23.0% by mass, a pH of 2.8, an
average content of the polyvalent metal element M: M/Si
molar ratio 0f'0.0020, the polyvalent metal element M present
in the outermost layer of the colloidal silica particles of less
than 0.001 atom/nm?, and a zeta potential of -23 mV).

Example 2

Ina 3 L polyethylene jar, 2000 g of the acidic silica sol 2a
(a Si0, concentration of 25.0% by mass, an average primary
particle diameter of 22 nm, a pH of 2.5, an average content of
the polyvalent metal element M: M/Si molar ratio 0of 0.0027,
the polyvalent metal element M in the surface of the particles
0f0.038 atom/nm?, and a zeta potential of -28 mV) obtained
in Reference Example 2 was taken. With stirring using a
disper at 1000 rpm, 96.0 g of 10% by mass sulfuric acid was
added to the sol, and then the whole was stirred for 10 min-
utes. The obtained silica sol had a pH of 1.2. The sol was left
at23° C. for 24 hours, and then passed through a column filled
with 100 mL of a strongly acidic cation-exchange resin in the
hydrogen form (Amberlite IR-120B), a column filled with
250 mL of a strongly basic anion-exchange resin in the
hydroxy form (Amberlite IR-410), and a column filled with
50mlL of astrongly acidic cation-exchange resin in the hydro-
gen form (Amberlite IR-120B) in this order over 2 hours to
give an acidic silica sol 2A (a SiO, concentration of 23.0% by
mass, an average primary particle diameter of 22 nm, a pH of
2.6, an average content of the polyvalent metal element M:
M/Si molar ratio of 0.0019, the polyvalent metal element M
present in the outermost layer of the colloidal silica particles
of less than 0.001 atom/nm?, and a zeta potential of 28 mV).

Comparative Example 1

An acidic silica sol 1C (an average primary particle diam-
eter of 12 nm, Si0, 0f 23.4% by mass, a pH 0f 2.7, an average
content of the polyvalent metal element M: M/Si molar ratio
of 0.0020, the polyvalent metal element M present in the
outermost layer of the colloidal silica particles 0 0.018 atom/
nm?, and a zeta potential of =23 mV) was obtained in a similar
manner to that in Example 1 except that sulfuric acid was not
added.
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TABLE 2
Comparative
Example 1 Example 2 Example 1
Silica sol Acidic silica  Acidic silica  Acidic silica sol
sol 1A sol 2A 1C
Average primary particle diameter (nm) 12 22 12
SiO, (% by mass) 23.0 23.0 234
pH 2.8 2.6 2.7
Zeta potential (mV) -23 -28 -23
M/Si (average content) (molar ratio) 0.0020 0.0019 0.0020
Fe/Si 0.00002 0.00002 0.00002
Al/Si 0.00189 0.00184 0.00188
Ti/Si 0.00007 0.00006 0.00007
Zr/Si 0.00002 0.00002 0.00002
Z1/Si <0.00001 <0.00001 <0.00001
Pb/Si <0.00001 <0.00001 <0.00001
S/Si <0.00001 <0.00001 <0.00001
Polyvalent metal element M in <0.001 <0.001 0.018
outermost layer of colloidal silica
particles (atom/nm?)
Fe <0.0001 <0.0001 <0.0001
Al 0.0002 0.0004 0.0180
Ti <0.0001 <0.0001 <0.0001
Zr <0.0001 <0.0001 <0.0001
Zn <0.0001 <0.0001 <0.0001
Pb <0.0001 <0.0001 <0.0001
Sn <0.0001 <0.0001 <0.0001

Example 3

In a glass reactor having an internal volume of 3 L. with a
stirrer, a condenser, a thermometer, and two inlets, 2000 g of
the acidic silica sol 1A was placed. With the sol in the reactor
boiled, methanol steam generated in another boiler was con-
tinuously blown into the silica sol in the reactor to replace
water with methanol with the liquid level kept almost con-
stant. When the volume of the distillatory solution reached 20
L, the replacement was stopped to give 1840 g of a methanol-
dispersed silica sol 1A. The obtained methanol-dispersed
silica sol had a SiO, concentration of 25.0% by mass, metha-
nol of 74.4% by mass, water of 0.6% by mass, a viscosity of
2 mPa-s, and a pH of the sol diluted with the same mass of
water of 3.0.

Example 4

In a similar manner to that in Example 3 except that 2000
g of the acidic silica sol 2A was used, 1840 g of a methanol-
dispersed silica sol 2A was obtained. The obtained methanol-
dispersed silica sol had a SiO, concentration of 25.0% by
mass, methanol of 74.4% by mass, water of 0.6% by mass, a
viscosity of 2 mPa-s, and a pH of the sol diluted with the same
mass of water of 3.2.

Comparative Example 2

In a similar manner to that in Example 3 except that 2000
g of the acidic silica sol 1a was used, 1840 g of a methanol-
dispersed silica sol 1a was obtained. The obtained methanol-
dispersed silica sol had a SiO, concentration of 25.0% by
mass, methanol of 74.4% by mass, water of 0.6% by mass, a
viscosity of 2 mPa-s, and a pH of the sol diluted with the same
mass of water of 3.0.
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Comparative Example 3

In a similar manner to that in Example 4 except that 2000
g of the acidic silica sol 2a was used, 1840 g of a methanol-
dispersed silica sol 2a was obtained. The obtained methanol-
dispersed silica sol had a SiO, concentration of 25.0% by
mass, methanol of 74.4% by mass, water of 0.6% by mass, a
viscosity of 2 mPa-s, and a pH of the sol diluted with the same
mass of water of 3.2.
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a5 Comparative Example 4

In a similar manner to that in Example 4 except that 2000
g of the acidic silica sol 1C was used, 1840 g of a methanol-
dispersed silica sol 1C was obtained. The obtained methanol-
dispersed silica sol had a SiO, concentration of 25.0% by
mass, methanol of 74.4% by mass, water of 0.6% by mass, a
viscosity of 2 mPa-s, and a pH of the sol diluted with the same
mass of water of 3.0.

TABLE 3
Comparative Comparative Comparative
Example 3 Example4  Example 2  Example 3 Example 4
Methanol- Methanol- Methanol- Methanol- Methanol-
dispersed dispersed dispersed dispersed dispersed
silicasol 1A silicasol 2A  silicasol 1a  silicasol 2a  silica sol 1C
Si0, 25.0 25.0 25.0 25.0 25.0
(% by mass)
Water 0.6 0.6 0.6 0.6 0.6
(% by mass)
pH 3.0 3.2 3.0 3.2 3.0
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Example 5

In a 500 mL recovery flask, 280 g of the methanol-dis-
persed silica sol 1A was taken, 7.6 g of phenyltrimethoxysi-
lane was added with stirring on a magnetic stirrer, and the
liquid temperature was kept at 55° C. for 2 hours. Then,
methyl ethyl ketone was added to the sol under a condition of
500 to 400 Torr and a bath temperature of 70° C. with a rotary
evaporator gradually lowering the liquid level to replace the
dispersion medium with methyl ethyl ketone. Thus, a clear
methyl ethyl ketone-dispersed silica sol 1A (SiO, of 40.0%
by mass, methyl ethyl ketone of 59.7% by mass, methanol of
0.2% by mass, water of 0.1% by mass, and a viscosity of 2
mPa-s) was obtained. When the sol was sealed in a 100 mL
narrow mouth glass bottle and kept at 50° C. for a month, the
viscosity and the appearance were not changed.

28
was used instead of the methanol-dispersed silica sol 1A, but
when about 50 g of methanol was removed by evaporation,
tetrahydrofurfuryl acrylate was polymerized to be jellified.
Thus, a stable tetrahydrofurfuryl acrylate-dispersed silica sol
could not be obtained.

Comparative Example 7

The operation was carried out in a similar manner to that in
Example 6 except that the methanol-dispersed silica sol 1C
was used instead of the methanol-dispersed silica sol 1A, but
when about 60 g of methanol was removed by evaporation,
tetrahydrofurfuryl acrylate was polymerized to be jellified.
Thus, a stable tetrahydrofurfuryl acrylate-dispersed silica sol
could not be obtained.

TABLE 4
Comparative Comparative Comparative
Example 5 Example 6 Example 5 Example 6 Example 7
Methyl ethyl Tetrahydrofurfuryl Methy! ethyl Tetrahydrofurfuryl  Tetrahydrofurfuryl
ketone-dispersed  acrylate-dispersed  ketone-dispersed  acrylate-dispersed  acrylate-dispersed
silica sol 1A silica sol 1A silica sol 1a silica sol 1a silica sol 1C
SiO, (% by mass) 40.0 30.0 40.0 — —
Methanol (% by mass) 0.2 1.0 0.2 — —
Water (% by mass) 0.1 0.1 0.1 — —
After Viscosity No Change No Change No Change — —
storage Appearance No Change No Change Yellowing — —

test

Comparative Example 5

A clear methyl ethyl ketone-dispersed silica sol 1a (Si0, of
40.0% by mass, methyl ethyl ketone of 59.7% by mass,
methanol of 0.2% by mass, water of 0.1% by mass, and a
viscosity of 2 mPa-s) was obtained in a similar manner to that
in Example 5 except that the methanol-dispersed silica sol 1a
was used instead of the methanol-dispersed silica sol 1A.
When the sol was sealed in a 100 mL. narrow mouth glass
bottle and kept at 50° C. for a month, the viscosity was not
changed but the appearance turned yellow.

Example 6

In a 500 mL recovery flask, 200 g of the methanol-dis-
persed silica sol 1A was taken, 7.2 g of methacryloxypropy-
Itrimethoxysilane was added with stirring on a magnetic stir-
rer, and the liquid temperature was kept at 55° C. for 2 hours.
Then, 113 g of tetrahydrofurfuryl acrylate was poured, and
methanol and water were removed under a condition 0f 200 to
40 Torr and a bath temperature of 50° C. with a rotary evapo-
rator to give a clear and colorless tetrahydrofurfuryl acrylate-
dispersed silica sol 1A (SiO, of 30.0% by mass, tetrahydro-
furfuryl acrylate of 68.9% by mass, methanol of 1.0% by
mass, water of 0.1% by mass, and a viscosity of 12 mPa-s).
When the sol was sealed in a 100 mL narrow mouth brown
glass bottle and kept at 23° C. for a month, the appearance and
the viscosity were not changed.

Comparative Example 6

The operation was carried out in a similar manner to that in
Example 6 except that the methanol-dispersed silica sol la
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Reference Example 3
Preparation of Ester Modified Epoxy Resin

Into a reaction flask with a cooling pipe, a thermometer,
and a stirring apparatus, 894.7 g of a-form tris-(2,3-ep-
oxypropyl)-isocyanurate (manufactured by Nissan Chemical
Industries, [.td., an epoxy value of 9.95 eq/kg) and 400 g of
toluene were placed and the whole was heated to the reflux
temperature to be completely dissolved. Next, 313.3 g of a
propionic anhydride solution dissolving 0.38 g of triph-
enylphosphonium bromide as a reaction catalyst was added
dropwise to the reaction system over 60 minutes. After the
completion ofthe dropwise addition, the whole was reacted at
the reflux temperature for 2 hours. The reacted solution was
concentrated and the epoxy value was ascertained to be 5.65
eq/kg or less (the theoretical value is 5.48 eq/kg), and then
toluene was removed by evaporation to give 1208 g of a liquid
ester modified epoxy resin. The composition in the obtained
liquid ester modified epoxy resin (2) was as follows. When
tris-(2,3-epoxypropyl)-isocyanurate was a compound (ii), the
compound in which a molecule of propionic anhydride was
added to one of the epoxy groups in tris-(2,3-epoxypropyl)-
isocyanurate (monoadduct) was a compound (i-1), the com-
pound in which two molecules of propionic anhydride were
added to two of the epoxy groups in tris-(2,3-epoxypropyl)-
isocyanurate (diadduct) was a compound (i-2), and the com-
pound in which three molecules of propionic anhydride were
added to three epoxy groups in tris-(2,3-epoxypropyl)-iso-
cyanurate (triadduct) was a compound (i-3), the (i1):(i-1):(i-
2):(i-3) molar ratio was 35%:45%:17%:3% in the epoxy resin
(2). The ester modified epoxy resin (2) had a viscosity of 1300
mPa-s at 60° C.
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Example 7

Into a recovery flask with an internal volume of 2 L, 1000
g of the methanol-dispersed silica sol 2A was placed, and the
solvent was removed by evaporation with a rotary evaporator
at 500 Torr and at a bath temperature of 70° C. adding aceto-
nitrile. The solvent was removed by evaporation until the
supplied amount of acetonitrile reached 750 g with the liquid
level of the sol kept almost constant to give a sol in an
acetonitrile-methanol mixed solvent (SiO, of 26% by mass,
acetonitrile of 49% by mass, methanol of 24% by mass, and
water of 0.3% by mass). Then, to the obtained sol, 5.0 g of
phenyltrimethoxysilane was added with stirring under atmo-
spheric pressure, and the whole was heated at a bath tempera-
ture of 65° C. for 5 hours. To the sol, 5.0 g of a 5.0% by mass
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diazabicycloundecene methanol solution was added and the
whole was stirred for 2 hours. Then, the solvent was removed
by evaporation with a rotary evaporator at 500 to 350 Torr and
at a bath temperature of 70° C. adding acetonitrile. Supplying
1500 g of acetonitrile for keeping the liquid level of the sol
almost constant, the solvent was removed by evaporation to
give 900 g of an acetonitrile-dispersed silica sol 2A (SiO, of
28% by mass, acetonitrile of 72% by mass, methanol of less
than 0.1% by mass, and water of 0.03% by mass). Into a
separable recovery flask with an internal volume of 500 mL,
80 g of the ester modified epoxy resin (2) prepared in Refer-
ence Example 3 was placed, and 286 g of the acetonitrile-
dispersed silica sol 2A was added and the whole was stirred to
make a homogeneous solution. Then, the solvent was
removed with a rotary evaporator at 200 to 100 Torr and at a
bath temperature of 60° C. to give a clear and colorless ester
modified epoxy resin-dispersed silica sol 2A (Si0, 0f47% by
mass, ester modified epoxy resin of 47% by mass, acetonitrile
of 6% by mass, and a B-type viscosity of 3760 mPa-s at 40°
C).

Comparative Example 8

A clear and colorless ester modified epoxy resin-dispersed
silica sol 2a (Si0, 0f 46% by mass, ester modified epoxy resin
of 46% by mass, acetonitrile of 8% by mass, and a B-type
viscosity of 1150 mPa-s at 40° C.) was obtained in a similar
manner to that in Example 7 except that the methanol-dis-
persed silica sol 2a was used instead of the methanol-dis-
persed silica sol 2A.

Example 8

Into a recovery flask with an internal volume of 2 L., 1000
g of the methanol-dispersed silica sol 2A was placed, and the
solvent was removed by evaporation with a rotary evaporator
at 500 Torr and at a bath temperature of 70° C. adding aceto-
nitrile. The solvent was removed by evaporation until the
supplied amount of acetonitrile reached 750 g with the liquid
level of the sol kept almost constant to give a sol in an
acetonitrile-methanol mixed solvent (SiO, of 26% by mass,
acetonitrile of 49% by mass, a methanol mass of 24%, and
water of 0.3% by mass). Then, to the obtained sol, 5.0 g of
phenyltrimethoxysilane was added with stirring under atmo-
spheric pressure, and the whole was heated at a bath tempera-
ture of 65° C. for 5 hours. To the sol, 7.5 g of a 5.0% by mass
diazabicycloundecene methanol solution was added and the
whole was stirred. Then, the solvent was removed by evapo-
ration with a rotary evaporator at 500 to 350 Torr and at a bath
temperature of 70° C. adding acetonitrile. Supplying 1500 g
of acetonitrile for keeping the liquid level of the sol almost
constant, the solvent was removed by evaporation to give 900
g of an acetonitrile-dispersed silica sol 2A (SiO, of 28% by
mass, acetonitrile of 72% by mass, methanol of less than
0.1% by mass, and water of 0.03% by mass). Into a separable
recovery flask with an internal volume of 500 mL, 100 g of
methylhexahydrophthalic anhydride (the reagent manufac-
tured by TOKYO CHEMICAL INDUSTRY CO., LTD.) was
placed, and 153 g of the acetonitrile-dispersed silica sol 2A
was added and the whole was stirred to make a homogeneous
solution. Then, the solvent was removed with a rotary evapo-
rator at 200 to 40 Torr and at a bath temperature of 60° C. to
give a clear and colorless methylhexahydrophthalic anhy-
dride-dispersed silica sol 2A (SiO, of 39% by mass, methyl-
hexahydrophthalic anhydride of 59% by mass, acetonitrile of
2% by mass, and a B-type viscosity of 120 mPa-s at 30° C.).
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Comparative Example 9

A clear and colorless methylhexahydrophthalic anhydride-
dispersed silica sol 2a (SiO, of 29% by mass, methylhexahy-
drophthalic anhydride of 67% by mass, acetonitrile of 4% by
mass, and a B-type viscosity of 310 mPa-s at 30° C.) was
obtained in a similar manner to that in Example 8 except that
the methanol-dispersed silica sol 2a was used instead of the
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tured by Dow Corning Toray Silicone Co., [.td.)), and treated
with heat under a curing condition of 100° C. for 2 hours and
150° C. for 5 hours to give an epoxy resin cured product. In
Table 5, MeHHPA represents methylhexahydrophthalic
anhydride, PX represents tetrabutylphosphonium O,0'-dieth-
yldithiophosphate, PX/MeHHPA represents methylhexahy-
drophthalic anhydride containing tetrabutylphosphonium
0,0'-diethyldithiophosphate, and each mass is shown.

TABLE 5
Curing
accelerator
Epoxy resin Epoxy curing agent PX/MeHHPA
Example 9  Ester modified epoxy 40.5 g MeHHPA 1503 g 209mg2.0g
resin-dispersed silica
sol 2A
Example 10 Ester modified epoxy  18.08 g MeHHPA- 1331g 91mg/log
resin-dispersed silica dispersed
sol 2A silica sol 2A
Comparative Ester modified epoxy 40.4g MeHHPA 1548 g 207mgR2.0g
Example 10 resin-dispersed silica
sol 2a
Comparative Ester modified epoxy  35.84 g MeHHPA- 17.85g 188 mgR2.0g
Example 11  resin-dispersed silica dispersed
sol 2a silica sol 2a
Comparative Ester modified epoxy  35.34 g MeHHPA 29.8 g 358mgl.0g

Example 12

resin

methanol-dispersed silica sol 2A and the amount of hexahy-
drophthalic anhydride was changed from 100 gto 117 g.

Example 9

Into a 300 mL four-necked flask, 40.5 g of the ester modi-
fied epoxy resin-dispersed silica sol 2A obtained in Example
7 and 15.03 g of methylhexahydrophthalic anhydride were
added and then mixed with stirring at 80° C. for 40 minutes.
Next, to the mixture, 209 mg of tetrabutylphosphonium O,0'-
diethyl dithiophosphate (manufactured by NIPPON CHEMI-
CAL INDUSTRIAL CO., LTD., product name: Hishicolin
PX-4ET) dissolved in 2.0 g of methylhexahydrophthalic
anhydride was added as a curing accelerator, and then the
mixture was degassed under reduced pressure for 2 minutes to
give a composition for curing epoxy resin. In the obtained
composition for curing epoxy resin, no residual solvent was
detected. The obtained composition for curing epoxy resin
was poured into a casting plate (a glass plate having a thick-
ness of 3 mm treated with a mold release agent SR-2410
(manufactured by Dow Corning Toray Silicone Co., Ltd.)),
and treated with heat under a curing condition of 100° C. for
2 hours and 150° C. for 5 hours to give an epoxy resin cured
product. The physical properties of the obtained epoxy resin
cured product are shown in Table 5 and Table 6. In Table 5,
MeHHPA represents methylhexahydrophthalic anhydride,
PX represents tetrabutylphosphonium O,O'-diethyldithio-
phosphate, PX/MeHHPA represents methylhexahydro-
phthalic anhydride containing tetrabutylphosphonium O,0'-
diethyldithiophosphate, and each mass is shown.

Example 10 and Comparative Examples 10 to 12

Epoxy resin compositions were obtained by a similar
operation to that in Example 9. Table 5 shows the blending
proportions of the epoxy resin, the epoxy curing agent or the
epoxy curing agent-dispersed silica sol, and the curing accel-
erator. The obtained composition for curing epoxy resin was
poured into a casting plate (a glass plate having a thickness of
3 mm treated with a mold release agent SR-2410 (manufac-
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The three-point bending test (flexural strength and flexural
modulus), the transmission factor, and the coefficient of linear
expansion of each of the epoxy resin cured products obtained
in Examples 9 and 10 and Comparative Examples 10 to 12
were measured. The test results are shown in Table 6.

(Measurement of Flexural Properties)

The flexural properties were measured with a tensile tester
according to JIS K-6911.

The height and the width of the test piece were measured.
The test piece was supported and a load was added to the
center of the test piece with a pressurizing wedge. The load
was measured when the test piece was broken to calculate the
flexural strength (o). Here, o represents the flexural strength
(MPa) {kgf/mm?}, P represents the load (N) {kgf} when the
test piece was broken, L. represents the distance (mm)
between the supporting points, W represents the width (mm)
of' the test piece, and h represents the height (mm) of the test
piece.

o=(3PL)/2WI?)

When F/Y represents the slope (N/mm) {kgf/mm} of the
straight-line portion in the load-deflection curve, the flexural
modulus (E): (MPa) {kgf/min?} is E=[L3/(4 Wh*)|x[F/Y].
(Measurement of Transmission Factor)

The transmission factor between 200 and 800 nm was
measured with a spectrophotometer (Model UV-3600, manu-
factured by SHIMADZU CORPORATION).

(Measurement of Coefficient of Linear Expansion)

The coefficient of linear expansion was measured accord-
ingto JISK-6911. The thickness of a test piece was accurately
measured, and the coefficient of linear expansion was mea-
sured by TMA (Thermal Mechanical Analysis) with a load of
0.05N and a temperature increase rate of PC/min. The coef-
ficient of linear expansion ¢ was calculated by the equation:
change in the length between 30 and 80° C. (AL1)/initial
length of a test piece (L)x50=q,,.
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TABLE 6
Three-point bending Transmission Coefficient Sio,
test (MPa) factor (%) of linear content Appearance
Flexural Flexural 400 450 expansion % by of cured
strength modulus nm  nm ppm/° C. mass object
Example 9 124 4560 80 87 63 34 Clearand
colorless
Example 10 120 6060 79 87 53 44 Clear and
colorless
Comparative 102 4390 30 56 66 34 Yellow
Example 10
Comparative 110 5450 16 45 62 41  Thick
Example 11 yellow
Comparative 114 3300 87 91 69 0  Clear and
Example 12 colorless

As shown in Examples 9 and 10, when the epoxy resin-
dispersed silica sol or the methylhexahydrophthalic anhy-
dride-dispersed silica sol in which the colloidal silica par-
ticles of the present invention were dispersed was contained
in the epoxy curing composition, the obtained cured product
could be filled with the colloidal silica particles at a high
filling rate with a high light transmission factor kept.

In contrast, as shown in Comparative Examples 10 and 11,
when the colloidal silica particles in which the content of the
polyvalent metal element in the surface of the colloidal silica
particles was more than 0.003 atom per square nanometer of
the surface area of the colloidal particles were used, the epoxy
resin-dispersed silica sol and the dicarboxylic anhydride-
dispersed silica sol could be obtained, but the epoxy resin
cured products using the sols turned yellow, and thus the light
transmission factor was reduced. As a result, as compared
with the cured object without colloidal silica particles of
Comparative Example 12, each of the cured objects of
Examples 9 and 10 could have little reduced light transmis-
sion factor as well as reduced coefficient of linear expansion
and improved flexural strength.

As mentioned above, the epoxy resin-dispersed silica sol
and the dicarboxylic anhydride-dispersed silica sol in which
the colloidal silica particles of the present invention are dis-
persed rarely cause the discoloration when an epoxy resin is
cured as well as have little light scattering of silica, and thus
the colorlessness and transparency of the resin cured product
are rarely reduced. Furthermore, filling the silica particles in
a resin can improve the thermal properties and the physical
properties of a resin cured product. From these reasons, the
epoxy resin-dispersed silica sol and the dicarboxylic anhy-
dride-dispersed silica sol in which the colloidal silica par-
ticles of the present invention are dispersed are extremely
effective when they are used for light-emitting diode (LED)
sealers or the like requiring high colorlessness and transpar-
ency and heat resistance because the flake and the crack due
to the difference in the thermal expansion between the diode
and the resin can be prevented.
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INDUSTRIAL APPLICABILITY

When the colloidal silica particles of the present invention
or the organic solvent-dispersed silica sol, the polymerizable
compound-dispersed silica sol, or the dicarboxylic acid-dis-
persed silica sol each obtained from the colloidal silica par-
ticles is used as the reforming agent for resins or the like,
decomposition, discoloration, and the like of the resin does
not occur but the resin can be reformed, for example, provid-
ing hardness and providing heat resistance. They are useful
for resin reforming, for example, they are added to a clear
resin hard coat film to provide the hardness to the hard coat
film, and they are included in a clear resin to improve the
flexural strength, the scratch resistance, and the heat resis-
tance.

The invention claimed is:

1. An organic solvent-dispersed silica sol comprising:

colloidal silica particles comprising at least one polyvalent

metal element M selected from a group consisting of
iron, aluminum, zinc, zirconium, titanium, tin, and lead
in an average content of 0.001 to 0.02 in terms of an M/Si
molar ratio, and having an average primary particle
diameter of 5 to 40 nm, wherein a content of the poly-
valent metal element M present in an outermost layer of
the colloidal silica particles is O to less than 0.001 atom
per square nanometer (nm”) of a surface area of the
colloidal silica particles; and

an organic solvent;

wherein the colloidal silica particles are non-porous, and

the colloidal silica particles being dispersed in the organic

solvent.

2. The organic solvent-dispersed silica sol according to
claim 1, wherein the organic solvent is at least one solvent
selected from a group consisting of alcohols, ethers, ketones,
esters, amides, hydrocarbons, and nitriles.
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